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FINAL REPORT 

S-BAND ANTENNA PHASED ARRAY 
COMMUNICATIONS SYSTEM 


SECTION I 
INTRODUCTION 


This report contains the results of the first phase of the S-Band 
Antenna Phased Array Communications System {SPACS I) program sponsored by the 
Electromagnetic Systems Branch of NASA Lyndon B. Johnson Space Center under 
contract NAS9-14196. The system requirements, a detailed antenna array sub- 
system design, and details of the hardware implementation will be discussed 
in this report. 

Many instances of spacecraft-to-spacecraft communications (e.g., space- 
craft/relay satellite and shuttle/payload) may require a medium amount of 
antenna gain for successful implementation. Of the two approaches to 
achieving antenna gain (i.e., mechanically steered reflector or electroni- 
cally steered phased array), the phased array approach offers the greatest 
simplicity and lowest cost (size, weight, power, and dollars) for this 
medium gain. This report describes a competitive system design as well as 
hardware evaluation which will lead to timely availability of this tech- 
nology for implementing such a system. 

The objectives of the SPACS I contract are: 

• To design a proposed {flight model) medium gain active 
phased array S-band communications antenna subsystem, 

• To develop and test one breadboard seven-element planar 
array (antenna) of radiating elements mounted in the 
appropriate cavity matrix. 


1-1 


Equipment Group 




• To develop and test one breadboard transmit/receive 
microelectronics module. 

The development requirements under this contract consisted of making 
required modification and/or additions to transmitter/receiver and antenna 
designs previously developed under NASA contract NAS8-25847 with Marshall 
Space Flight Center. The technology developed under this previous contract 
was utilized to the maximum extent that it fit JSC design requirements. 

Areas where additional development was required were investigated and bread- 
boarded to the extent required by the specifications. 

The work tasks were divided into three major areas. The first major 
task is that of Hardware Definition. This task consisted of evaluation of 
basic system requirements, trade-off studies, thermal analysis and hardware 
evaluation. The second major task is that of Critical Item Development. 

This task consisted of breadboarding and evaluation of those items in the 
design considered to be the most critical to the program. The third and 
last major task consisted of the actual breadboarding of one complete 
transmit/ receive module (containing phasors) along with one array of seven 
antennas. 
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SECTION II 


ANTENNA ARRAY SUBSYSTEM REQUIREMENTS 


The antenna array subsystem requirements are based upon the set of 
system parameters outlined in Table 2-1. These requirements are closely 
keyed to using the existing technology developed under NASA Contract NAS8- 
25847 with MSEC. The system parameters have been updated several times 
during the course of this contract to reflect current JSC design require- 
ments . 

The system configuration envisions placement of at least four antenna 
arrays approximately 10.68 inches in diameter mounted on the spacecraft as 
shown in Figure 2-1. 

A basic system block diagram is shown in Figure 2-2. To minimize the 
interface and most easily compliment the radio systems and onboard computer, 
the RF and computer signals and DC power will feed this system from a central 
point. (A configuration alternative might use multiple-point interface for 
redundancy at the expense of weight, power, and cost.) The radio system 
interface consists of a nominal transmitter input of +29 dBm at S-band and 
a receive output which feeds a transponder with a noise figure less than 
8 dB. As noted in Table 2-1, the receive system operates at L-band also, 
but with degraded noise figure and gain. 
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System Design Parameters 


Table 2-1. 

Transmit frequencies 
Transmit EIRP {on boresight) 

Transmit EIRP (scan angles}^ 

Array Transmit power input 
Receiver Frequencies - S-Band^ 

L-Band 

Receive Noise temperature^ 

Receive antenna gain (on boresight) 
Receive antenna gain (60 degree scan) 
Antenna beamwidth (on boresight) 

Array receive electronic gain S-Band 

Array diameter 

Coverage 

Array thickness (including array 
steering controller but not power 
supply) 

Weight (four-array system less cables) 

DC power - one array including controller 
Steering angle commands (2) 

Phase variation 
Amplitude variation 
Phasing time 

Normal TPS bond line temperature 

near faceplate in front of antenna 
Surface curvature 


2.217.5 and 2,287.5 MHz 
24 dBW 

18 dBW 

30 dBm (maximum) and 28 dBm (min.) 
2,041.9 and 2,106.4 MHz; 

1.775.5 and 1,831.8 MHz 
600°K (design goal) and 700°K 

(maximum) 

11.5 dB 

5.5 dB 

40° (nominal ) 

20 dB 

10.68 inches (main body) 

Maximized for four arrays on a 
200-inch cylinder 


6 inches 

50 pounds (four arrays) 
130 watts 

8 bits each (maximum) 

± 12 ° 

+ 0.7 dB 
0.2 ysec 

-185°F to +350°F 
Flat antenna aperture 


^ 70°x 50° elliptical scan with 70° scan along X-axis. 

With ^ 11 MHz spread spectrum at each S-band receive frequency. 
Degraded performance acceptable at L-band receive frequencies. 
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Figure 2-1. Antenna Locations 
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Figure 2-2. System Concept. Central Control 












SECTION III 


PROPOSED ARRAY SUBSYSTEM DESIGN 


A. INTRODUCTION 

From the general design, requirements discussed in Section II, a 
detailed system design was completed taking into account all design trade- 
offs including size, weight, array location, DC power budget, and electrical 
performance specifications. As is usually true with most system require- 
ments, some system parameters are in conflict with each other and a general 
compromise must be made to arrive at a best solution. 

A drawing of the proposed communication system block diagram is shown 
in Figure 3-1. The commercial power supplies and central test controller 
are used for the breadboard array tests only. The S-Band Network Equipment 
is the NASA $-Band transponder and four-way RF switch. 

A block diagram of the proposed SPACS antenna array subsystem is shown 
in Figure 3-2. The array is entirely self-contained; the only inputs 
required are a medium level RF signal (+29 dBm), beam steering commands, DC 
power, and liquid cooling fluid from a central heat exchanger and fluid 
reservoir. The radiating aperture consists of seven square spiral antenna 
elements mounted in a cavity backed housing 10.68 inches in diameter. Each 
element is fed by a transmit/receive microelectronic module with integral 
3-bit phase shifters (phasors). An outline drawing of this antenna sub- 
system is shown in Figure 3-3. 

The transmit input signal from the vehicle cables is separated at the 
triplexer module and is then split equally among the seven elements in the 
transmit RF manifold. The transmit manifold feeds the seven T/R micro- 
electronics modules which in turn drive the spiral antennas. 

On S-band receive, the NASA signals are picked up by the spiral 
antennas and then are sent to the modules. The modules amplify these 
signals and they are combined in phase in the receive RF manifold. The 
manifold is connected to the triplexer which combines the receive signal 
back on one line with the transmit signal on the vehicle input cable. 

On L-band receive, the Air Force signals are picked up by the center 
antenna (0 dB) omni and is filtered and routed in the center T/R module. 

The center T/R module is connected to the triplexer by a cable. Total loss 
from the 0 dB omni antenna to the vehicle array input cable is -5 dB. 

An electrical block diagram of the outer T/R module is shown in Figure 
3-4. The center T/R module block diagram is shown in Figure 3-5 and the 
triplexer module schematic is shown in Figure 3-6. 
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Figure 3-1. S-Band Communications System Block Diagram 
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Figure 3-2. SPACS I Antenna Array Block Diagram 
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SECTION A-A 


DESCRIPTION 

0 HOUSING ARRAY | 

0 COVER 

0 MODULE, TRANSCEIVER I 

0 MODULE, TRANSCEIVER. CENTER 
0 LOGIC STEERING CONTROLLER 
0 MODULE, TRIPLEXER 
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0 CONNECTOR, D.C. MANIFOLD 
0 CONNECTOR, R.F. TYPE N 
® CONNECTOR, D.C. 



Figure 3-3. S-Band Antenna Subsystem Outline Drawing 
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Figure 3-4. Outer Gain Module Electrical Schematic 
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The steering (logic) controller in the antenna array calculates phase 
shift commands for the seven elements, to electronically steer the antenna 
beam in the direction commanded by the central coordinate converter unit. 

A DC power conditioner provides +22V, +12V and +5V array power from the 
regulated spacecraft DC bus. 

B. SYSTEM DESIGN CONCEPTS 

The detailed designs of the component parts that compose the antenna 
array will be discussed later in the report. Only system outlines and 
component specifications will be discussed under this system design section. 
The antenna, T/R module, RF manifolds, steering controller thermal design, 
mechanical design, etc., all have detailed sections that will be discussed 
later in this report. 

Using the AESPA contract (MSFC Contract NAS8-25847), a lot of realistic 
component specifications had been determined from calculations and measured 
data. From the AESPA contract, it was determined that a seven-element 
active array could meet the system requirements of Table 2-1. In particular, 
the antenna (square spiral) elements would have the following parameters 
listed in Table 3-1. 

Given these realistic antenna specifications, the required 18 dBW array 
EIRP at 70 scan angle and the seven T/R modules, the following required 
module power output was determined: 

Transmit 18 dBW ^ 70° scan EIRP 

-4.5 dB antenna gain 

-8.45 dB seven module contribution 

Single Module 

Power Output = 5.05 dBW =3.2 watts 

Knowing the losses in the duplexer (0.5 dB), in the transmit filter 
(2 dB) to keep harmonic outputs low, and in an isolator (0.5 dB) following 
the final power amplifier stage to protect it from damage due to antenna 
mismatch, one arrives at a power amplifier output power of +8 dBW or 6.3 
watts. 

Since the AESPA (NAS8-25847) power amplifier already existed at 
approximately the same frequencies, this meant adding a matched MSC2023-6 
transistor stage on the output to get a 28 dB gain power amplifier. 

Assuming a 2 dB loss phasor and phase trim network (a realistic number from 
AESPA test data), this means the T/R module would have 22 dB (min.) transmit 
power gain and would require a +13 dBm nominal transmit drive power to get 
+35 dBm (min.) output power. Thus, the transmitter side of the module was 
designed and is shown in Figure 3-4. 


3-8 


Equipment Group 


Table 3-1. Seven-Element Antenna Array Design Parameters 


S-Band Transmit Frequencies 
S-Band Receive Frequencies (NASA) 


L-Band (Air Force) 

S-Band Receive Antenna Array Gain 
(on boresight) 

S-Band Receive Antenna Gain 
(60° scan angle) 

S-Band Antenna Array Beamwidth 
(on boresight) 

L-Band (single element) Receive Antenna 
Gain (on boresight) 

S-Band Transmit Antenna Array Gain 
(on boresight) 

S-Barid Transmit Antenna Array Gain 
(70° scan angle) 


2217.5 and 2287.5 MHz 
2041.9 and 2106,4 MHz 

with HI MHz spread 
spectrum at each of 
these frequencies 

1775.5 and 1831.8 MHz 

11.5 dB 

5.5 dB 

40° (nominal) 

0 dB 
12 dB 

4.5 dB 


Maximum Diameter: 12.5 inches for antenna housing including mounting 

ring and 10.68 inches for main array body including dust cover. 

Maximum Weight: 10 including RF manifolds, delrin supports, and 

antenna cavities. 


The transmit manifold required a seven-way splitter (8.45 dB) which is 
hard to build easily with equal phase. Thus, an eight-way power splitter 
(9,03 dB), equal split-equal phase, was chosen assuming a 1 dB worst case 
insertion loss giving a total power divider loss of 10 dB to any one 
module port. 

The triplexer was configured to separate the transmit/receive S-band 
signals. This required two filters (one for transmit and one for receive) 
to prevent any transmitter power leakage into the receiver (overdriving the 
receiver) and receiver power leakage into the transmitter forming extra 
transmitted beams at the receive frequencies. In addition, one circulator 
was required to perform the S-band (broadband) separation of transmit/ 
receive signals and one circulator was required to perform the L-band 
receive combining function. Overall, this gives a 3 dB loss in the S-band 
side. A 3 dB pad (thin-film) is required in the transmit leg of the tri- 
plexer to adjust the transmit input signal to the module for a nominal 
+13 dBm drive. Without this pad, the module transmitter would be overdriven. 
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Now looking at the receiver, we start with the basic parameters that 
the array noise temperature be 600 K (design goal) and 20 dB electronic gain 
overall. This requires a nominal 5 dB module noise figure and 25 dB module 
gain. The best low noise transistors (AT-4641 by Avantek) were chosen to 
keep the noise figure as low as possible. This transistor is capable of 
about 2.3 dB noise figure with 12 dB gain. Using 3 stages in the low noise 
amplifier, we need about 30 dB amplifier gain and 2.8 dB amplifier noise 
figure. 

Since the antenna input VSWR could be at least 1.8 : 1, a high Q low 
loss filter is required between the duplexer and low noise amplifier. The 
transmitter puts out +35 dBm and with a 1.8:1 antenna VSWR, this means that a 
maximum transmitter power of +25 dBm could be reflected back into the 
receiver. Since the receiver output stage (Vce = + lOV and Ic = + 20 mA) 
has a 1 dB compression point at +10 dBm, the receiver filter needs to have 
at least 45 dB rejection (loss) at the closest transmitter frequency 
(2217.5 GHz). The receiver filter needs to have less the 2 dB loss to keep 
the overall receiver noise figure less than 5.33 dB (700°K maximum noise 
temperature). 

Again, the duplexer loss is 0.5 dB and receiver phasor loss is about 
2 dB. This gives a nominal module noise figure of 5 dB and module electronic 
gain of at least 25.5 dB. Since the combiner loss is 1.5 dB and the triplexer 
S-band receive loss is 3 dB, the overall array receiver electronic gain will 
be at least 20 dB. 

From these basic design requirements, an transmit/receive module 
specification was generated. The major parameters of this specification 
are listed in Table 3-2. A more detailed specification is given in 
Appendix C. 

The center transmit/receive module (no phasors) requires the additional 
capability of L-band receive with an associated loss of 4 dB, This is to 
accomodate the Air Force L-band receive frequencies from the 0 dB gain 
central omni antenna (center square spiral element of the antenna). This 
is shown schematically in Figure 3-5. 

From measured data on the AESPA modules, as well as numerous tests on 
many other Texas Instruments modules, it was determined that a maximum 
module case temperature range of 0 C to +45^C was required. This tempera- 
ture range is required in order for the modules to meet the gain, phase, 
power output and noise figure parameters discussed previously. 

Since the shuttle bondline temperatures vary so drastically from 
extreme cold values to extreme hot values, the array thermal design (to 
be discussed in a later section) is such that the array is thermally 
isolated from these bondline temperature extremes. To maintain the modules 
in their suitable operating range, a liquid-cooled heat exchanger will be 
mounted under the modules. Cooling or heating fluid will be required from 
the orbiter vehicle to maintain the inlet fluid temperature at -8°C to 
+32 C. 
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Table 3-2. Transmit/Receive Module Major Design Parameters 


A. 

Module Transmitter 



S-Band Frequencies 

2217.5 and 2287.5 MHz 


Module Power Output 

+35 dBm (min. ) 


Module Power Input (RF) 

+13 dBm + 1 dB 


Module Gain 

22 dB (min.) 

B. 

Module S-Band Receiver 



S-Band Frequencies 

2041.9 and 2106.4 MHz 
with +11 MHz spread 
spectrum at each of 
these frequencies 


Module Noise Figure 

5 dB (nominal ) 


Module Gain 

25 dB (min. ) 


Module Receiver IdB Compression Point 

+10 dBm Output 

C. 

L-Band Receive (Center Module Only) 

p 


L-Band Frequencies 

1775.5 MHz and 1831 .8 MHz 


Module Loss 

4 dB (max. ) 


Module Noise Temperature 

440°K (max.) 

D. 

Module Total DC Input Power 

21 watts 

E. 

Duplex Operation Required 



This completes the basic array design. With all these requirements 
and component designs, th e calculated system weight and DC power budgets 
are shown in Tables 3-3 and 3-4, respectively. The triplexer design 
parameters are shown in Table 3-5 and the RF manifold design parameters 
are shown in Table 3-6. 

Table 3-3. System Weight Budget for Proposed Flight Model 

Weight (lbs. ) 


A. 

Four Antenna Arrays (4) 

64.0 

B. 

Central Coordinate Converter 

5.0 

C. 

Central Power Supply 

10.5 

D. 

Liquid Cooling Pump & Plumbing 

(Central Electronics Compartment) 

21.0 


TOTAL WEIGHT FOR SYSTEM 

100.5 
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DC Power Budget For Proposed Flight Model 
System From 28V + 1Q% Spacecraft Bus 


A. One Antenna Array 

B. Coordinate Converter 

C. Power Supply (80% Efficiency) 

TOTAL DC POWER FROM SPACECRAFT BUS 



Table 3-5. Triplexer Module Design Parameters 

A. S-Band Transmit 

Frequencies 
Input Power 
Transmit Loss 
Transmit Filter 

B. S-Band Receive 
Frequencies 


Maximum Input Power 
Receive Loss 
Receive Filter 

C. L-Band Receive 

Frequencies 1775.5 and 1831.8 MHz 

Receive Loss 1 dB including semi- 

rigid cable. 

D. Triplex Operation Required 


2041.9 and 2106.4 MHz 
with +11 MHz spread 
spectrum at each of 
the frequencies 
+ 20 dBm 
3 dB 

Required 


2217.5 and 2287.5 MHz 
+29 dBm + 1 dB 
6 dB 

Required 
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Table 3-6. RF Manifold Design 
Parameters (Stripline Boards) 


A. Transmit Manifold (Seven-way Split) 

Frequencies 

Total Insertion Loss 

VSWR (all ports) 

Isolation (between 7 output ports) 

B. Receive Manifold (seven-way split) 
Frequencies 


Total Insertion Loss 
VSWR (all ports) 

Isolation (between 7 output ports) 
Phase Matching between ports 


2217.5 and 2287.5 MHz 
10 dB (max.) including 
7-way split 
1.4:1 (max.) 

20 dB (min.) 


2041.9 and 2106.4 MHz 
with +11 MHz spread 
spectrum at each of 
the frequencies 
10 dB (max. ) including 
7-way split 
1.4:1 (max.) 

20 dB (min. ) 

+ 5° 


C. ARRAY BEAM STEERING 


One set of array beam steering equations can be easily derived from 
basic direction cosines and referring to the array beam steering coordinate 
geometry shown in Figure 3-7. The general beam steering equation referred 
to the element phase position is 


E = 



A eJ 
n 


= array radiated power (addition 
of field components by summation 
in space) 


where ip =-B 
^n n 

R^ = vector between phase center and n th element 

k = unit vector in direction of the target 

and = module element phase position. 

It should be noted that several other beam steering methods are useable 

and equally as realizable. The advantages of the array steering equations 

to be described are that symmetrical element values are used and a simple 
sine look-up table can be used in the array (logic) steering controller. 
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ARRAY COORDINATF<; 


COORDINATE SYSTEM 


Figure 3-7. Array Beam Steering Coordinate Geometry 
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Using either direction cosines or a spherical coordinates we can 
derive the following relationships for symmetric array steering with the 
center element fixed at minimum phase (on boresight) position. 

Let, 

i I 

T = cos a = cos (tt/2 - a ) = sin a = sin© C 0 S(|) 

A A A A 


and 


= cos tty = sin = sin0 sin 4« 


'''y^y ^ r'/^ctor 


1 ' 


"e “ Vx * “-5 Vy 






'*1 ' 'h^x ■ 


^*4 


'*3 ° 'h^y 




Vectors 


R 7 = 0 


but, 


il; = k • R 


.*. 1^7 = 0 


ij;, = -2it S, sin a - ttS sin a 

1 A X A y 


1 ^., = -2tt S, sin a + irS, sin a, 

£ A A A y 


-2it S, sin a 
A y 
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^^4 = 

2it 


sin 




% = 

27T 


sin 

«x 

- 

1 

sin 

% = 

2tt 


sin 

t 

a 

X 

+ irS^ 

1 

sin a 
y 

The phase shift 

in 

each module 

or element 8 


Bj = 

1 

sin 

1 

+ ttS, sin a 

X 

y 

®2 ' 21T 

sin a’ 

1 

- irS, sin a 
A y 

^3 ~ 

1 

sin 


64 = -2n 

1 

sin 


•’s ' ^x 

sin a' 

P 

+ ttS, sin a 
A y 

®6 ■ ■2’' ^x 

sin a' 

1 

“ ttS, sin a 
A y 


or using spherical coordinate references 


= 27t sinO cos(() + ttS^ sinG sincf) 

^2 ~ 27t sinG cos(}) - ttS^ sinG sin<}) 

^2 = 2ir sinG sincj) 

= ~ 2 ir SinG sin<|) 


-2tt sinG cos^ + irS^ sinG sin(f) 

-2ir sinG cos(p - irS, sinG sin<|) 


67 = 0 


NOTE: ir = I8O" 
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Since there are only a finite number of phase positions in the 3-bit 
phase-shifter selected for the module, either roundoff or truncation 
algorithms must be used to arrive at the best phase shifter settings. From 
previous work, it was determined that a roundoff algorithm produces the 
least quantization losses in radiated power. This roundoff algorithm is 


actual 

= phase shifter = 
setting 



2 " + 



where n = number of bits in phase shifter 


and 6^ = calculated phase shifter setting. 

For a three-bit phase shifter this equation reduces to 



roundoff function 


The roundoff occurs for the value in brackets and this bracketed value is 
rounded-off to the nearest whole integer. 

Using the previously described beam steering equations and the round- 
off algorithm, we will run through two examples of beam steering in the 
principle planes. 

Example 1 : 


2 AWAY FROM 



Y tTAIL ) 


Scan array 70 toward the tail at 2.2525 GHz with transmit phasors. 


3-17 


Equipment Group 


For this transmit beam, 



spherical rectangular 

coordinates coordinates 


Then, 

T = sin© coS(fi 

X 

= sin 70° cos 90° * 0 


Ty = sin© sin 4 ) 

= sin 70° sin 90° = 0.94 


using previously derived 
equations , 


or, 3^ = (180°) (0.5388) (0.94) = 91.165° 

+ — ► ~ 90 ° round-off algorithm 

32 = -180° (0.5388) (0.94) = -91.165° 

*~^ ^2 ~ round-off algorithm 

33 = (360°) (0.5388) (0.94) = 182.33° 

- 180° round-off algorithm 

34 = (-360°) (0.5388) (0.94) = -182.33° 

or 

*— ► $4 =: -180° set phase shifter to +180° 
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Bg = (180°) (0.5388) (0.94) = 91.165° 

*— ► 90° round-off algorithm 

Bg = (-180°) (0.5388) (0.94) = -91.165° 



NOTE: + angles are leading 


Module Phase 
Shifter Settings 


- angles are lagging 


The module phase shifters will be set so that the minimum phase length 
is set up for the 180° element. With reference to this minimum phase 
value, the +90° elements will have 90° more phase shift, the 0° element 
will have 180° more phase shift, the -90° elements will have 270° more 
phase shift and the -180° element will again be set to the same as +180° 
(minimum phase length). 

Consider array steering like group velocity of waves. The array beam 
will always steer toward lagging phase side of the array. 



% (DOWN) 
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rr 


Scan array 50 down to the ground at 2.07415 GHz with receive phasors. 
For this receive beam* 


Then , 


0 = 50 " 
<p = 0° 


spherical 

or 

°x =50° 

coordinates 


0 

0 

II 

= sin 50° 

= 0.77 



rectangular 

coordinates 


or 


Ty = sin tty = sin 0 = 0 


3^ = (360°) (0.4961) (0.77) = 137.52° 




I ^ 135^ 


round-off algorithm 


$2 = (360°) (0.4961) (0.77) = 137.52° 


Using previously derived 
equations 


= 135 


LI2 


0^ 


round-off algorithm 


I ^3 = ° 


$/. - O' 


LZ4 


= (-360°) (0.4961) (0.77) = -137.52^ 


==- 135 " 


Ll5 


round-off algorithm 


3g = (-360°) (0.4961) (0.77) = -137.52'^ 


<J>5 -135" 


round-off algorithm 


4*7 = 0 ° 
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Up 




Ground 

(Down) 


Module Phase 
Shifter Settings 


NOTE: The antenna element numbering scheme is shown by the 

pictorial in Figure 3-8. 


Again, for reference the +135 elements would have the shortest phase 
length, the 0 elements would be 135 longer in phase and the -135^ elements 
would be 270 longer in phase compared to the +135° elements. 

As mentioned previously, there are other array steering equations and 
methods available including non-symmetric element steering. 

To meet SPACS I EIRP requirements and minimize quantization losses, 
there are only 13 optimum beam positions in the ^ ~ 90°plane (horizontal, 
nose- to- tail ) and_9 optimum beam positions in the (f> = 0°pl.ane (vertical, 
up and down). This only requires a and a scan angles to be 4-bits long 
each to produce those required beam^positions. 

The calculated beam positions in the two major planes are shown in 
Figures 3-9 and 3-10. The numbers on the horizontal axis mark the switch 
points for the round-off algorithm. A typical (simple) array steering 
logic controller is shown in Figure 3-11. This controller will be used 
to implement the beam steering equations described previously. It is 
assumed in this example that the transmitter will be pointing in a direction 
independent of the receiver. Read-only-memories (ROMS) are for the sine look- 
up tables. 

D. ANTENNA ARRAY SIMULATION STUDY 

A computer simulation of the array was used to calculate coverage and 
required computer update rate to meet all EIRP and phase requirements. To 
guarantee realistic values, the simulation accounted for the following 
degrading effects; 
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SEVEN ELEMENT 
RELATIVE ARRAY GAIN (dB) 




SEVEN ELEMENT 
RELATIVE ARRAY GAIN (dB) 




64 X 4 ROMS 




1 7479S 


Figure 3-11. Steering Logic Block Diagram 
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• Radom phase and amplitude variations 

• Phase quantization in phase shifter and scan controller 

• Array losses 

• Shuttle roll rate 

This simulation was setup for the shuttle roll condition with a maximum 
angular motion of 20 degrees per second. The nominal combined angular 
motion of the shuttle is 5 degrees per sec. so the steering simulation will 
be for worst case conditions. Note, idealized error-free calculations 
would yield higher values of EIRP, but would not represent realizable 
coverage. 

The following assumptions were made for this simulation. Phase 
variation of + 12 and amplitude variation of + 0.7 dB due to phase and 
amplitude modulation from power supply ripple and noise contributions. 

Also included in these phase numbers are worst case phase transients 
induced by the switching of phasors. The resultant phase swing for a 
seven-element array between adjacent phase position is less than + 10°. 

Also assumed under this simulation was a center frequency on transmit 
of 2252.5 MHz. The results of this simulation are shown in Table 3-7. 

Each module was assumed to have 3.2 watts output power and the transmit antenna 
gain = 3.55 dB which is much worse than the 70° scan numbers actually 
measured for the array. A round-off algorithm was used for phasor commands. 

The maximum and minimum EIRP shown in Table 3-7, lines 15 and 16, 
should be corrected by substracting 30 dB to give dBw EIRP values corres- 
ponding to SPACS data. 

To determine the computer minimum update rate, one must look at lines 
8 and 17. Setting 0.5 dB as the maximum decrease in EIRP due to computer 
update rate, one finds that a computer update rate of 140 msec, is required 
to maintain EIRP requirements. A similar simulation was done for a and 
a words of 4-bit length, and the same results were obtained. This^is 
partially shown for run # 7, table width of 4 bits. Again, this minimum 
update rate is for 20 per second angular motion. 

E. DC MANIFOLD CONCEPTS 

The DC manifold will be a 12 to 15 layer fiberglass (kapton) multi- 
layer printed circuit board. The purpose of the DC manifold is to take 
input DC power and logic signals from the array central DC and logic 
connector and distribute these signals appropriately to the array steering 
(logic) controller and the seven T/R modules. 
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Table. 3-7. SPACS 

LINE 

NO. PARAMETER 

1. Elevation Command 0^ 

2. Elevation Field Point Go 

D 

3. Azimuth Gommand 

4. Azimuth Field Point (f)g 

5. Roundoff 

6. Updates/Revolution 

7. Angle Between Updates 

8. Time Between Updates 

9. Table Length 

10. Table Width 

11. Phasor Quantization 

12. 10-Random Amplitude Error 

13. 10-Random Phase Error 

14. Maximum Phasor Error 

15. Maximum EIRP 

16. Minimum EIRP 

17. Line 15 Minus Line 16 

18. Maximum Gain Step 

19. Maximum Far Field Phase 

20. Minimum Far Field Phase 

21. Line 19 Minus Line 20 

22. Phase Step 

23. R, = 3.0 inches 9 . = 3.3 RPM P ^ 


I Array Simulation for Seven Elements 


RUN # 




UNITS 

1 

2 

3 

4 

5 

6 

7'" 

Degrees 

45 

45 

45 

45 

45 

45 

45 

Degrees 

45 

45 

45 

45 

45 

45 

45 

Degrees 

0 

0 

0 

0 

0 

0 

0 

Degrees 

0 

0 

0 

0 

0 

0 

0 


/ 

/ 

/ 

/ 

/ 

/ 

/ 

Degrees 

22.5 

11.25 

5.02 

2.81 

1.41 

0.70 

22.5 

Seconds 

1.125 

0.563 

0.281 

0.141 

0.070 

0.035 

1.125 

Bits 

9 

9 

9 

9 

9 

9 

9 

Bits 

8 

8 

8 

8 

8 

8 

4 

Bits 

3 

3 

3 

3 

3 

3 

3 

dB 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

Degrees 

10 

10 

10 

10 

10 

10 

10 

Degrees 

55.7 

43.9 

37.1 

30.3 

26.8 

25.2 

55.7 

dBm 

53.6 

53.8 

53.9 

53.9 

53.9 

53.9 

53.7 

dBm 

47.0 

51.2 

52.5 

53.0 

53.1 

53.2 

48.8 

dB 

6.6 

2.6 

1.4 

0.9 

0.8 

0.7 

5.9 

dB 

2.0 

0.6 

0.5 

0.4 

0.3 

0.4 

1.8 

Degrees 

17.4 

14.7 

14.7 

16.7 

9.1 

9.2 

10.9 

Degrees 

-10. Z 

-10.2 

-10.8 

-11.1 

-10.0 

-10.8 

-21.6 

Degrees 

30.1 

24.9 

25.5 

25.8 

20.0 

20.0 

32.5 

Degrees 

14.3 

8.6 

8.2 

8.0 

8.0 

8.0 

16.3 

3.2 watts 

L = 0. 

3 dB G 

EL r 

55 dB 

f = 2252.5 MHz 





A short wiring harness {3 inches long) will connect the main array 
connector to the DC manifold. This connector will have at least 11 pins 
to bring in the proper DC power and logic command signals. The array input 
signals are listed as follows: 

The DC power and logic signals will enter the array SAibsystem 
in a single connector having the following DC pins; 

a. +22 V + 2% at 6.5 A 

b. +12 V + 2% at 0.4 A 

c. +5 V + 5% at 0.92 A 

d. Regulated return line (grounded to case of antenna 

modules, floating at central power supply). 

Total ripple on the above lines is less than 

0 . 2 %. 


The same connector will have the following logic pins. All 
commands will be TTL compatible signals with nominal 0 to 5 
volts. Each incoming line to the array will be shielded in 
the vehicle; 

a. Transmit, pi tch/yaw input data (8-bit serial word) 

b. Receive pitch/yaw input data (8-bit serial word) 

c. Array scan enable (+5 V data gate) 

d. Data clock (1 - 100 KBPS signal) 

e. Element select (7-bit serial word transmitted before 

data) . 

The DC manifold is mounted next to the RF manifolds and is clamped 
between the heat exchanger plate and the RF manifolds with suitable spacers. 
The DC manifold will be 0.125 inch thick, weigh 0.9 pound including DC 
connectors and be approximately 10 inches in diameter. Nine DC connectors 
similar to the multipin connectors on the modules will be mounted on the 
DC manifold. One of these connectors will have 11 pins and mate to the 
short array connector wiring harness. One connector will have 31 pins and 
mate to the steering (logic) controller connector; and the other seven 
connectors will have 15 pins and will mate to the module connector. 

This manifold will be defined further, designed, and fabricated later 
on the SPACS II Contract NAS9-14485. It will be a straight forward layout 
and MLB fabrication effort. 
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F. ANTENNA ARRAY LIGHTNING PROTECTION 


The NASA antenna array lightning protection requirements for the Space 
Shuttle as defined by the "Space Shuttle Lightning Protection Criteria 
Document" MSC-07636, are not clearly defined for internally mounted antennas 
which are flush mountea to the skin. Since the SPACS I antenna would be 
mounted behind the thermal protection structure of the vehicle, lightning 
would have to first penetrate and burn a hole in the following layers 
before it could damage the SPACS antenna arrays. These layers are (1) 

0.325 to 3.25 inch thickness of LI-900 HRSI tile, (2) 0.165 inch thickness 
of strain isolator pad (SIP) made of felt, (3) a honeycomb fiberglass 
carrier panel with a nominal thickness of 0.025 inch, and finally (4) a 
moisture avoidance pad (MAP) that is .015 inch to .045 inch thick. 

The antenna requirements that do apply to the SPACS antenna position 
are (1) overall array grounding to drain off current or built up charge 
and (2) prevention of lightning being passed down through the center 
conductor of the array to the S-band transponder and hence, knocking out 
the S-ban.d transponder. 

The proposed SPACS system design would have the following design to 
meet the two previously mentioned lightning requirements. First, should 
lightning penetrate or burn a hole in the thermal protection system of the 
vehicle and strike the antenna element cavity housing, the charge or 
current associated would be drained away by a braided ground strap that 
is connected between the metal antenna cavity housing and the aluminum 
skin of the shuttle. Should the lightning bolt strike the spiral antenna 
elements themselves, the elements struck would in all reality vaporize due 
to the high currents involved. The thin etched patterns could not conduct 
away a continuous current of 400 amperes for 0.3 seconds. The lightning 
stroke would most likely damage only one of the seven spiral antenna 
elements. 


Second, should the lightning stroke get on the center conductor of 
the antenna feed, it is prevented from damaging the T/R modules by the 
high Q receive combline filter and the MIC transmit filter. These two 
filters have built in as an integral part of the filter several large DC 
blocks (air gaps). In addition, the amplifiers and phasors in both the 
transmitter and receiver portions of the modules also have numerous DC 
blocking capacitors as well as 0.25 Ag DC return lines to drain off current 
to ground. Finally, the triplexer module (mounted just ahead of the array 
input connector) has MIC filters which also act as good DC blocks to any 
current. 


These previously mentioned design features are built into the array to 
minimize lightning damage to the array itself as well as prevent lightning 
from being transmitted down the center conductor to the transponder. It 
is very unlikely that lightning could damage the arrays or the S-band 
transponder because of these good design features. 
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SECTION IV 


ANTENNA DESIGN AND EVALUATION 


A. ANTENNA DESIGN 

The SPACS I antenna is a seven-element, square spiral array arranged in 
a triangular grid as shown in Figure 4-1. The array grid and element size 
were chosen in order to make maximum use of the available aperture and hence, 
achieve maximum gain. 

In the initial phase of this program a seven-element, square spiral array 
designed for operation at approximately 1600 MHz was studied experimentally. 
This work was documented in monthly progress report number 2. From the data 
it was seen that the simple balun design shown in Figure 4-2 possessed suffi- 
cient bandwidths for SPACS. This balun transforms from 50fl into two 100^1 
arms, one being 180° (at f=2.1633 GHz) longer than the other. The balun and 
spiral are connected using a twin coaxial line with a fiberglass card 
separation. 

This work led to a single element study examining two cavity designs and 
two spiral designs. The depths of the cavities were chosen to be 0.455 in. 
(A/12 at 2.16 GHz) and 0.682 in. (A/8 at 2.16 GHz). Note that the cavity width 
was chosen to be 2.7 in. (A/2 at 2.186 GHz). The first spiral was a truncated 
version of the L-band array spiral design. In general, this design gave 
unsatisfactory results due to the large separation between sprial turns. This 
in turn led to the new design of a spiral element which is shown in Figure 4-3. 
The design is self-complementary with a line width of 0.020 inch. It was found 
that the addition of an RF absorptive coating (Emerson-Cuming Eccoorb 268E) was 
quite effective in minimizing the axial ratio. This is accomplished by the 
reduction of reflected end currents which radiate the opposite sense circular 
polarization. The coating is placed on the outer five lines on the spiral. 

The single element patterns are shown in Figures 4-4, 4-5, and 4-6. Note that 
the element patterns are very similar to cosO. Figure 4-7 illustrates the gain 
and axial ratio for both of the cavity depths. From this data, the data shown 
in Table 4-1 can be derived. On the basis of this information, the thicker 
cavity was chosen so that the EIRP requirements would be met at 70°. 

An engineering model of the seven element array was then built. For this 
array, seven of the single element baluns were built and mounted on the rear 
of the cavity structure. Also, seven ports of an S-band, sixteen-way, power 
divider were used for feeding the array for a broadside pattern. Data was 
obtained with the array mounted in a cylindrical ground plane with rolled 
edges in order to minimize diffraction effects and to insure that large angle 
radiation will be as close as possible to the actual environment. This same 
ground plane was also used for the breadboard antenna. Figure 4-8 illustrates 
the matched circularly polarized gain of the array as a function of frequency. 
Note that generally the specifications are exceeded by about 1 dB. Figure 4-9 
illustrates the broadside axial ratio as a function of frequency. The maximum 
axial ratio is approximately 2.0 dB. Figure 4-10 illustrates the input reflec- 
tion coefficient of the central element from 1.7 - 2.4 GHz. The input VSWR 
is nominally 1.4 : 1 at the transmit frequencies. 
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Figure 4-2 


Single Baiun for Engineering Evaluation 



Figure 4-3. Spiral Antenna Element 
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Figure 4-7. Gain and Axial Ratio Versus Frequency, S-Band 

Spiral Antenna 
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Table 4-1. Projected Array 
Single-Element 


PARAMETER 

0.455" CAVITY 

XMIT 

RCV 

ELEMENT GAIN 



AT Boresight 

3.8 dB 

3.5 dB 

At 50° 

-0.5 dB 

-0.2 dB 

At 60° 

-1.9 dB 

-1.8 dB 

At 70° 

-5.5 dB 

-6.0 dB 

ANTENNA GAIN 



At Boresight 

12.25 dB 

11.95 dB 

At 50“ 

7.95 

8.25 

At 60“ 

6.55 

6. 65 

At 70“ 

2.95 

2.45 

EIRP 



At Boresight 

25.75 dBw 

— 

At 50“ 

21.45 

— 

At 60“ 

20.05 

— 

At 70“ 

16.45 dBw 













Seven Element 
Array Data 

Matched C.P. Gain at Boresight (dB) 




Seven Element 
Array Axial Ratio (dB) 
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B. BREADBOARD ANTENNA 


1. Introduction 

Three major changes were made to the engineering model to arrive at 
the breadboard antenna design: (1) the baluns were etched on a single board 

with inputs accommodating the non-periodic input ports (Figure 4-11); (2) one- 
half turn of each spiral arm on each spiral was removed to provide increased 
spacing between the elements for mounting screws (Figure 4-12); and (3) RF 
manifolds specially made for SPACS I were used. A picture of the breadboard 
array mounted in the cylindrical ground plane is shown in Figure 4-13. 

2. Input Characteristics and Mutual Coupling 

Figure 4-14 illustrates the input reflection coefficient as a 
function of frequency for the central element with all other elements terminated 
in a load. The VSWR has increased over the engineering model and is as much 
as 2:1 at certain frequencies. This is primarily due to the design of the balun 
board. The longer input lines with the several bends contribute the additional 
mismatch. This can be compared with the results for the engineering model to 
illustrate a realistic performance level with a better balun design. 

Figure 4-15 illustrates the measured mutual coupling between the 
central element and an adjacent element (elements A7 to A3; refer to Figure 4-16). 
Note that the coupling has a worst case value of -27.4 dB. This compares with 
a nominal value of -24 dB for the engineering model. The difference in coupling 
levels is primarily due to the removal of the half-turns on the spirals. 

3. Breadboard Radiation Characteristics 

For the purposes of measuring antenna radiation patterns, an outdoor 
variable length range with a model positioner was used. A picture of this 
range with the breadboard array being tested is shown in Figure 4-17. A block 
diagram of the equipment is shown in Figure 4-18. Note that a rotating linear 
source is used to record circular polarization characteristics. 

In order to properly assess the array characteristics with scan, three 
separate sets of coaxial cables were built: (1) one for broadside, (2) one 

for 50° (commanded) roll-axis scan, and (3) one for 70° (commanded) nose-to-tail 
scan. The cable lengths in degreees are shown in Table 4-2. These lengths were 
determined from the commanded scan angles using a roundoff 3-bit phase shifter 
quantization algorithm. 

Figure 4-19 illustrates the measured array patterns as a function of 
frequency, plane of cut, and scan angle. Several comments are in order about 
the obtained pattern results. First note that the 3 dB beamwidth (of the maximum 
gain envelope) varies between 34° - 38° in the (J> = 0° cut and 33° - 34.5° in the 
(}) = 90° cut. This is compared with nominal theoretical values of 40° (ii)=0°) 
and 36° (4)= 90°). Secondly, the sidelobes range between -17 and -26 dB from peak 
at broadside, between -3.5 and -6.5 dB from peak at 50°; and between -6.0 and 
-8.5 dB from peak at 70°. The high sidelobes in the roll plane are expected 
theoretically due to the interelement spacing. Thirdly, the axial ratio is quite 
good having a nominal value of less than 1 dB. 
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Figure 4-11. Baiun Board 
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Figure 4-12. Antenna Board 
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Figure 4-13. SPACS I Antenna in Cylindrical Ground Plane 
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Figure 4-14. Central Element Impedance for Breadboard 

Antenna 
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Figure 4-16. Array Steering Geometry 


4-20 


Equipment Group 



ORIGINAL PAGE IS 

OF POOR QUAUTy c,- , , ^ , 

Figure 4-17. Antenna Range #4 
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Figure 4-18. Equipment Arrangement for Pattern Tests 
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S-Band Transmit Broadside Pattern, 
2217.5 MHz, (^=90° Cut From Elements 
6 and 5 Toward Elements 1 and 2. 
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Figure 4-19. SPACS I Seven Element Array S-Band Patterns 

(Transmit and Receive) 
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S-Band Transmit Broadside Pattern, 
2217.5 MHz, 4>=0° Cut From Element 
4 Toward Element 3. 
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S-Band Transmit Broadside Pattern, 
2287.5 MHz, <(>=0*’ Cut From Element 
4 Toward Element 3. 
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Figure 4-19. Continued 
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S-Band Receive Broadside Pattern, 
2041.9 MHz, <|)=90'’ Cut From Elements 
6 and 5 Toward Elements 1 and 2. 
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S-Bar»d Receive Broadside Pattern, 
2041.9 MHz, <|>=0® Cut From Element 
4 Toward Element 3. 



Figure 4-19. Continued 
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S-Band Receive Broadside Pattern, 
2106.4 MHz, <|)=0° Cut From Element 
4 Toward Element 3. 





Figure 4-19. Continued 
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S“Band Receive Broadside Pattern, 
2106.4 MHz, (|)=90* Cut From Elements 
5 and 6 Toward 1 and 2. 
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RtLATtVE 


S-Band Receive 70° Scan Pattern » 
2041.9 MHz, <|)=0° Cut From Element 
4 Toward Element 3. 




Figure 4-19. Continued 
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S-Band Transmit 70*" Scan Pattern, 
2217.5 MHz. 4*=0° Cut From Element 
4 Toward 3. 
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The central element patterns for L-band operation are shown in 
Figure 4-20. The element patterns have dips in gain at boresight. This is 
a typical low-frequency mutual coupling effect. The isolated element pattern 
at these frequencies has a cosG shape. Figure 4-21 illustrates the central 
element pattern at the S-band frequencies. At the higher frequencies, the 
patterns become flatter and more like an isolated element pattern. 

4. Breadboard Gain and Axial Ratio 


For gain measurements, a slightly different experimental setup is used 
as shown in Figure 4-22. This setup uses an RF switch to allow comparison of 
the array data with a standard gain horn. Figure 4-23 is a picture of the 
back of the array showing the standard gain horn mounted on the back of the array. 

The matched circularly polarized gain is defined to be: 


where 



linear 


+ B + M + 


C 


and 


and 


^linear 

^SCH 


ScH "'^dB 

linear gain of standard gain horn 

difference between maximum gain envelope and standard 
gain horn 


B 

r 

a 


= 10 log(l+r^) 

“ -jQ-a/20 

= axial ratio in dB 


M = manifold loss in dB 

C = cable loss in dB. 


Figure 4-24 shows the array gain over the frequency band of interest 
tor broadside scan. When compared with the engineering model results (Figure 
4-8), the gain is generally about 1 dB lower. This is due primarily to : 

(1) the increased reflections in the balun board, (2) the longer lines of the 
balun board (creating more loss), and (3) the protective paint on the spirals 
IS lossy. In addition to this loss in gain, the gain no longer monotonically 
increases. Indeed, the gain is maximum at about 2160 MHz. This is the center 
frequency of the balun. This and other evidence points to the fact that this 
phenomena is due to the balun board design and not the spiral array. 


Figure 4-25 illustrates the array axial ratio vs. frequency for the 
broadside scan. It is generally under 1 dB which is an improvement over the 
engineering model. This is due in part to the loading provided by paint. It 
is also due to the better construction of the breadboard array. 
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Central Element Pattern, 1831.8 MHz, 
i|>=90° Cut From Elements 5 and 6 
Toward Elements 1 and 2. 
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Central Element Pattern* 2041.9 MHz, 
(|>=90° Cut From Elements 5 and 6 
Toward Elements 1 and 2. 
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Central Element Pattern, 2106.4 MHz 
<f)=0° Cut From Element 4 Toward 
Element 3. 
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Central Element Pattern, 2106.4 MHz, 
4>=90'’ Cut From Elements 5 and 6 
Toward Elements 1 and 2. 



4-48 


Equipment Group 






















Central Element Pattern, 2287.5 MHz, 
()>=0“ Cut From Element 4 Toward 
Element 3- 
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Central Element Pattern, 2287.5 MHz, 
4)=90® Cut From Elements 5 and 6 
Toward Elements 1 and 2. 
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Figure 4-22. Gain Measurements 
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Figure 4-23. Back of SPACS I Array With Standard Gain Horn 
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Figure 4-26 shows the gain at various angles when the beam was steered 
in both the roll plane and longitudinal plane. When comparing this data with 
the single element projections (Table 4-1), the 70° performance is better than 
expected; the 50° performance is lower than expected, and the 60° performance 
is as predicted. The differences are due primarily to mutual coupling. An 
examination of the central element pattern shows that the power does not roll 
off as fast at 70° as the isolated element. The 50° gain is lower in all prob- 
ability due to grating lobe losses. 

The axial ratio was approximately 1.5 dB at 50° scan (0 = 50°), 

4.0 dB at 70° scan (0^ = 60°), and 6.5 dB at 70° scan (9^ = 70°K° 

The central element gain is shown in Figure 4-27, Since the element 
pattern dips slightly at boresight, the gain is defined to be the peak gain. 

The element gain is nominally 0 dB at the L-band frequencies. Figure 4-28 gives 
the axial ratio at this peak gain location as a function of frequency. The 
axial ratio is nominally 3 dB. 

C. SUMMARY AND RECOMMENDATIONS FOR FUTURE IMPROVEMENT 

A review of the breadboard array data shows that the overall performance 
is quite good. Of particular importance is that the 70° gain is greater than 
5 dB over the S-band frequency range. A complete summary of tests and reduced 
test data is shown in Appendix A. 

The balun board should be improved in future work. In general, we might 
expect that the engineering model results might be approached. The L-band 
performance can be improved by experimental studies on loading, cavity design, 
and balun design. 

In future work, considerations should also be given to environmentally 
hardening the element- The twin coaxial transmission line between the balun 
and the spiral feed should be replaced with an etched dual microstrip line. 

This would substantially improve the mechanical properties. Additionally, 
foam loading of the cavities should be examined. This should also improve 
the mechanical properties of the spiral. With a proper selection of the foam, 
we might also improve the electrical performance. 
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Figure 4-26. Array Gain With Scan 
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SECTION V 


MODULE DESIGN AND EVALUATION 


A. MODULE DESIGN 

1. Transmit Phase Shifter Design 

The electronic phase shift circuit utilized by the module trans- 
mitter is a 3-bit, line-length type phase shifter which utilizes thin-film 
microwave hybrid circuit techniques in its construction. In the line-length 
phase shifter, phase bits are realized by fixed segments of transmission 
line whose electrical lengths are established so as to represent a given 
value of phase shift at some reference frequency. In the case of the SPACS 
I module transmitter, these line lengths were designed for 45, 90, and 180 
degrees of phase shift at 2252 MHz. These three primary phase bits are 
selectively switched into the signal transmission path to achieve differential 
phase shift from 0 to 315 degrees in 45 degree increments. 

All line switching is achieved through the use of beam lead step 
recovery diodes shown schematically in Figure 5-1. In the 'on state 
(forward bias) this diode type has a relatively low dynamic resistance and 
minimizes the phase shifter insertion loss. Since one diode pair of each 
phase bit is always in the transmission path (6 diodes total in this case), 
use of higher resistance diodes can result in significant increases in 
phase shifter insertion loss. 

Data shown in Table 5-1 compares the performance of a particular 
phase shifter fabricated initially with PIN diodes (chip components) with 
that of the same phase shifter circuit fabricated with step-recovery diodes 
(beam-lead components). Note that insertion loss ranges from 4 -. 5 dB when 
using PIN diodes (chip) compared to 2 - 2.5 dB when using step-recovery 
beam lead diodes. Input VSWR improves from a range of 1.2:1 - 1.8:1 to 
1.1:1 - 1.4:1 as the chip diodes and their associated inductive connections 
(bond wires) are replaced by the lower inductance beam lead components. 

A comparison of phase errors for the same phase shift network 
using chip or beam lead components is shown in Table 5-2. Note that phase 
errors tend to accumulate as the higher bit positions are switched in, 
though not as rapidly once the chip components are replaced by beam lead 
components. 

The basic phase shifter configuration used for the SPACS module 
was first demonstrated in the AESPA module (Contract No. NAS8-25847, 

Marshal Space Flight Center). This circuit was reconfigured with minor 
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TO PHASE SHIFT LOGIC OUTPUT 



Figure 5-1. Schematic, Transmit Phase Shifter 









1 INSERTIO 

LOSS 

VS 

JR 

BIT 

CHIP 

COMPONENTS 

BEAM-LEAD 

COMPONENTS 

CHIP 

COMPONENTS 

BEAM-LEAD 

COMPONENTS 

0 

4.79 dB 

2.43 dB 

1.769 

1.382 

1 

4.11 

2.21 

1.115 

1.366 

2 

5.31 

1.99 

1.364 

1.218 

3 

4.59 

2.60 

1.598 

1.308 

4 

5.15 

2.15 

1.376 

1.133 

5 

4.34 

2.23 

1.362 

1.193 

6 

5.05 

2.09 

1.726 

1.234 

7 

4.37 

2.35 

1.224 

1.287 


Frequency = 2280 MHz 


TABLE 5-1. PHASE SHIFTER PERFORMANCE, 
INSERTION LOSS AND VSWR AS A FUNCTION 
OF COMPONENT TYPE 
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Table 5-2. Phase Shifter Performance, Phase Errors As A 
Function of Component Type 


1 A PHASE SHIFT (DEGREES)^ 

PHASE ERROR (decree) — " '“j 



CHIP 

CONFIGURATION 

BEAM LEAD 
CONFIGURATION 

CHIP 

CONFIGURATION 

BEAM LEAD 
CONFIGURATION 

BIT 

REQUIRED 

2220 MHz 

2295 MHz 

2220 MHz 

2295 MHz 

2220 MHz 

2295 MHz 

2220 MHz 

2295 MHz 


0 









1 

-45 

-41.3 

-42.5 

-48.2 

-50.8 

+ 3.7 

+ 2.5 

- 3,2 

- 5.8 

2 

-90 

-81.7 

-83.8 

-81.7 

-84,0 

+ 8.3 

+ 6.2 

+ 8.3 

+ 6.0 

3 

-135 

-120.3 

-123.5 

-128.4 

-133.8 

+14.7 

+11.5 

+ 6.6 

+ 1.2 

4 

-180 

-169.6 

-174.3 

-173.5 

-179.5 


+ 5.7 

+ 6.5 

+ .5 

5 

-225 

-207.9 

-213.7 

-219.5 

-227.2 

+17.1 

+11.3 

+ 5.5 

- 2.2 

6 

-270 

-244.9 

-253.3 

-250.5 

-258.6 

+25.1 

+16.7 

+19.5 

♦11.4 

7 

-315 

-284.9 

-296.6 

-296.9 

-307.8 

+30.1 

+18.4 

+18.1 

♦ 7.2 


* All values for bits 1-7 are referenced to the absolute phase shift recorded for the 0 bit at the given 
frequency. 












changes to accept the beam lead diodes and capacitors, to conform to the 
inherent physical requirements of the SPACS module, and to be optimum for 
the center frequency (2252 MHz) of the SPACS transmit bandpass. Actual 
performance data recorded on the transmit phase shifter integrated into the 
breadboard module is shown in Table 5-3. 

Circuit physical size is 0.600 x 1.150 inches on 0.025-inch thick 
alumina substrate material. All printed circuit elements are microstrip- 
type which are photolithographically defined, etched, and plated to desired 
thickness (typically 250 y inches). Scribing to finished size and selective 
hole-drilling for feed-through grounding are accomplished through the 
use of numerically controlled laser equipment. 

2. Power Amplifier Design 

The original concept for the power amplifier configuration is 
shown in Figure 5-2. The first stage utilizes an MSC 80264 transistor 
operating in the common emitter Class A mode. The second stage utilizes an 
MSC 4001 transistor operating self-bias (Class C) in the common base mode. 
The third stage utilizes an MSC 2023-6 AMPAC device which is internally 
matched for Class C operation (common base) in a 50-ohm system. 

Characterization of each device was performed and results are 
shown in the following tables and figures. S-parameters for the MSC 80264 
are shown in Table 5-4; compression characteristics of the device are shown 
in Figure 5-3. S-parameters were measured on this device at input levels 
of +12 dBm using the Hewlett-Packard Automatic Network Analyzer and high 
power hardware/software developed by Texas Instruments Inc., Advanced 
Systems Department. The MSC 4001 was characterized at V levels of 20, 

22, and 24 volts with an RF input level of 0.1 watts. Typical performance 
characteristics are shown in Figure 5-4. Large signal input and output 
admittances are shown in Figure 5-5. The MSC 2023-6 was also characterized 
at V levels of 20, 22, and 24 volts with an RF input level of 1.2 watts. 
TypiSSl operating characteristics are shown in Figure 5-6 Input impedance 
of the internally matched device is nominally 50 ohms; large-signal output 
impedances are shown in Figure 5-7. 

Prior to initiating circuit designs based upon the above data, a 
critique of the design requirements and hardware delivery schedule indicated 
that some commonality existed between the AESPA module power amplifier 
(Contract No. NAS8-25847, Marshall Space Flight Center) and the SPACS power 
amplifier requirement. The SPACS power amplifier was then reconfigured to 
utilize the AESPA power amplifier as the first two stages preceding the 
MSC 2023-6 third stage; this configuration is shown in Figure 5-8. 

Circuitry was assembled to evaluate this approach and results are 
shown in Figure 5-9. This configuration was subsequently modified to 
optimize the amplifier bias conditions. This configuration was integrated 
into the breadboard module and is shown schematically in Figure 5-10. 
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Bit 

Commanded 

Phase 

(Degrees) 

Insertion Loss 
(dB) 

VSWR 

(Ratio) 

Phase Error 
(Degrees) 

0 

0 

1.82 

1.362 


1 

45 

1.75 

1.282 

- 2.4 

2 

90 

1.69 

1 .499 

- 2.6 

3 

135 

2.10 

1.705 

- 8.4 

4 

180 

1.57 

1.067 

- 0.3 

5 

225 

1.60 

1.130 

- 5.2 

6 

270 

1.58 

1.206 

- 6.2 

7 

315 

1.97 

1.381 

-11.6 


FREQUENCY = 2250 MHz 


TABLE 5-4. S-PARAMETERS MSC 80264 TRANSISTOR 
= lOV, = 50 inA 
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POWER GAIN (dB) 8 

DEVICE TYPE MSC80264 

V +12VDC 

cc 

OPERATING 

CURRENT (mA) 50 



11 7 

MSC4001 MSC2023-6 

+24V0C +24VDC 

100 500 


Figure 5-2. Power Amplifier Configuration, Original Concept 
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Output Power (dBm) 



Figure 5-3. Gain Compression Characteristics, 
MSC 80264 Transistor 
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Figure 5-5. 


Optimum Device Admittances, MSC 4001, 
Signal Operation, Gain = 10.8 dB 


Large- 
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Power Gain (dB) 

9.8 

11 

7.8 

Device Type 

MS251 

MSC4001 

MSC2023-6 

''cc 

+22VDC 

+22VDC 

+22VDC 

''bb 

+12VDC 

N.A. 

N.A. 

Operating 
Current (niA) 

26 mA 

120 mA 

750 mA 

Figure 5-8. 

Power Amplifier, 

Breadboard 

Configuration 
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= 20 mw (+13 dBm) 


T] 


Figure 


'^cc^ (1st and 2nd stages) = 20 VDC 

(1st and 2nd stages) = 150 mA (Typ) 

Vcc^ (3rd stage) = 20-24VDC 

I 2 ' 3rd stage current only 

C 2 * 3rd stage collector efficiency 

5~9. Breadboard Power Amplifier Performance 



T-| - T 21 : Microstrip Transmission Line Elements 

"^2* "^3* "^13* ”^14’ "^17* stubs 
Tg, T-|i; shorted stubs 

Tg, T^; high impedance meander lines (rf chokes) 
^16’ ^19’ impedance, X/4 lines (rf chokes) 
RFC: 6.5 Turns on a 0.025" form 


o 

ns 

o 

o 

Ed 

jD 

S 

r. 


o 

Ed 

B 
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Figure 5-10. Schematic, Breadhoard Power Amplifier 









3. Transmit Filter Design 



Bandpass filtering of the module transmitter was originally 
established as a prime requirement for the SPACS I array. Frequency rejec- 
tion and in-band insertion loss characteristics were compatible with a 
common bandpass filter configuration realizable in microstrip. The filtering 
requirements are shown in Table 5-5. 

The transmitter filtering requirement was analyzed using an in- 
house computer program. The bandpass response shown in Figure 5-11 is 
indicative of the theoretical response expected from the 3-resonator edge- 
coupled filter utilized in the AESPA module. This particular configuration 
, was computer optimized to achieve a more narrow bandpass and the gain/phase 
responses are shown in Figure 5-12. Fabrication and evaluation of this 
particular filter indicated an off-center bandpass (f =2252 MHz) and the 
resonator lengths were shortened from 0.990 inches to^O.970 inches; this 
configuration was then reoptimized using computer-aided design techniques. 

The theoretical results for this iteration are shown in Figure 5-13. 

Filters from this design iteration were fabricated and evaluated 
on two different substrate thicknesses; 0.025 inch and 0.040 inch. Data 
obtained on the 0.040-inch substrate material is presented in Figure 5-14. 
Curves 1 and 2 represent typical initial filter characteristics obtained 
in two separate units fabricated from the same mask. These responses are 
typically centered low in frequency (approximately 2170 MHz). Curve 3 
represents the filter response of Unit No. 1 after laser trimming the 
metallization 0.010 inches at each end of all coupled lines. Curve 4 
represents the filter response of Unit No. 3 after laser trimming the 
metallization 0.020 inches at each end of all coupled lines. The observed 
frequency shifts were linear with respect to the amount of metallization 
trimmed and were on the order of +4 MHz per 1.0 mil of trim. Typical 
rejection data is also noted near the bottom of Figure 5-14. 

Data obatined on the 0.025-inch substrate material is presented 
in Figure 5-15. Curves 1 and 2 represent typical initial filter charac- 
teristics obtained on two separate units fabricated from the same mask. 

These responses are typically centered high in frequency (approximately 
2262 MHz). Curve 3 represents the filter response of Unit No. 5 after 
adding gold-ribbon "trim" tabs to extend resonator lengths approximately 
0.005 - 0.010 inches. This centered the filter response about the transmit 
bandpass and typical rejection characteristics are noted on Figure 5-15. 

In-band insertion loss of both filters is shown on the expanded 
scale of Figure 5-16. Higher losses associated with the use of 0.025-inch 
alumina are attributed mainly to the lower Q's associated with the thinner 
microstrip resonators. 


5-16 


Equipment Group 




Figure 5-11. Theoretical Performance, AESPA IV Transmit Filter 
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Figure 5-14. SPACS I Transmit Filter, 0.040 Inch Thick Alumina 
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Figure 5-15. SPACS I Transmit Filter, 0.025 Inch Thick Alumina 
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Figure 5-16. SPACS I Transmit Filter, Passband Insertion Loss 



A decision was made to incorporate the lower loss 0.040 inch 
design into the final module design. Passband- insertion loss was typically 
0.4 dB lower than the 0.025-inch filter and the obtained rejection charac- 
teristics were slightly better. Resonator lengths were modified on the new 
mask to minimize trimming. Modification of the resonator lengths at the 
mask generation level resulted in a filter configuration which met the 
requirements without the need for any physical circuit "trimming." Actual 
data measured on the Automatic Network Analyzer (ANA) is shown in Figures 
5-17 and 5rl8. Passband insertion loss data is presented in Figure 5-17 
for nine fabricated networks. Loss at the actual transmit frequencies 
varied from a minimum of 1.30 dB to a maximum of 2.35 dB. When compared to 
the module requirement of 2.0 dB maximum insertion loss at the transmit 
frequencies, it is noted that: 

• Two (2) of the filters are exceptional (22% of the sample group) 

• Three (3) other filters exceed the requirement by a substantial 
margin (33% of the sample group) 

• Two (2) other filters meet the requirements (22% of the sample 
group) 

• Two (2) other filters do not meet the requirement, but could 
be easily trimmed to be acceptable though marginal units 
(22% of the sample group). 

These results represent a working yield of 78% on the edge-coupled microstrip 
filter with no tuning or trimming required. The narrow-band characteristic 
(5.3%, 3 dB bandwidth) of the transmit filter is shown in Figure 5-18, A 
comparison of the transmit filtering requirements and achieved results is 
shown in Table 5-5. 

4, Receive Filter Design 

The receiver bandpass filtering requirement (Table 5-6) was 
originally identified as a critical item in the development of a viable 
module design. Operation of the module in the fully duplexed mode with a 
low noise receiver front-end, a high-gain (33 dB) receiver RF amplifier, a 
relatively high-level transmitter (+35 dBm at antenna), and the necessary 
size/weight constraints required a state-of-the-art solution to the 
filtering problem. Three filter configurations were considered and evaluated 
in reaching the final module filter. 

One such approach was the interdigi tated stripline approach shown 
in Figure 5-19. This particular design was available in-house as a result 
of filtering requirements on another program. This filter was a 9-element 
(7 resonators/2coupl ing sections) interdigi tated filter built on two layers 
of bonded Duroid material (e^ = 2.2) with a total thickness of 0.125 inches. 
Insertion loss as a function of frequency for this filter is shown in 
Figure 5-20. Although transmit bandpass rejection was more than adequate 
(in excess of 60 dB), receive bandpass insertion loss was not compatible 
with the receiver noise figure requirement and this approach was abandoned. 
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Figure 5-17. Passband Insertion Loss, Final Configuration, 

SPACS I Transmit Filter 


5-24 


Equipment Group 


Group Delay (nsec) 



Loss (3 f +150 mHz > 25 dB 
0 — — 


Figure 5-18. Rejection Characteristic, Final Configuration, 
SPACS I Transmit Filter 
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TABLE 5-5. SPACS I MODULE TRANSMIT FILTER 



PARAMETER 

REQUIREMENT 

RESULT 

Center Frequency 

2252 MHz, Typ. 

2252 MHz 

0.5 dB Bandwidth 

7%, Typ. 

4%. Typ. 

Midband Loss 

2 dB, max. 

1.4 dB, Typ. 



1.8 dB, Max. 

Rejection at + 100 MHz 

10 dB, min. 

15 dB 

Rejection at f + 150 MHz 
c — 

20 dB, min. 

25 dB 


TABLE 5-6. SPACS I MODULE RECEIVE FILTER 


PARAMETER 

REQUIREMENT 

RESULTS 

Center Frequency 

2074 MHz, Typ. 

2072 MHz, Typ. 

1-dB Bandwidth 
Insertion Loss 

110 MHz, min. 

120 MHz, Typ. 

@ 2030 MHz 

1.0 dB, Typ. 

1.0 dB, min. 


1.7 dB, Max. 

1.9 dB, max. 

@ 2118 MHz 

1.0 dB, Typ. 

0.9 dB, min. 


1.7 dB, Max. 

2.1 dB, max. 

0 2215 MHz 

45 dB, min. 

45.8 dB, min. 
46.3 dB, max. 

Input VSWR {within 
1-dB Bandwidth) 

2.5:1, max. 

2.2:1, max. 

Temperature Stability 




5-26 


Equipment Group 








Plated-Through 
Ground Holes 
9 Places 


Figure 5-19. 



Outline Drawing, 7-Element Interdigital 
Stripline Filter 
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Figure 5-20. Insertion Loss As A Function of Frequency, 7-Element 

Interdigital Stripline Filter 
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A second approach was to design and evaluate a "suspended- 
substrate" filter in a closed cavity. The basic design was specified as 
follows: 

• Chebyshev response 

• 0.2 dB amplitude ripple 

• 2.022-2.126 GHz equi ripple bandwidth 

• 45 dB attenuation at 2.210 GHz 

• Ground plan spacing of 0.100 inch 


• = 50 ohms 

This configuration was basically stripline in air and was achieved by 
etching the 7-element (5-resonator) interdigitated pattern on 0.005-inch 
thick kapton; the kapton material was suspended within a 0.100-inch cavity. 

The best performance achieved with this configuration is shown in 
Table 5-7 and insertion loss is graphed for comparison with the theoretical 
performance in Figure 5-21. In-band insertion loss could not be reduced to 
less than 3 dB; this was incompatible with noise figure requirements and a 
decision was made to purchase a comb-line filter from Sonoma Engineering. 

A comb-line filter prototype unit, centered slightly high in 
frequency, was obtained for evaluation testing. This filter was evaluated 
over a temperature range of 14 - 68 degrees centigrade and performance is 
shown in Figure 5-22. Overall filter performance was found to be compatible 
with SPAC5 requirements and a procurement specification was released. 

The broadband rejection and passband insertion loss characteristics 
are shown graphically in Figures 5-23 and 5-24 for the two prototype units 
delivered during the course of the contract. The configuration is also 
depicted schematically in Figure 5-25. Performance results of these filters 
are also compared to the requirements listed in Table 5-6. 

5. Transmit Isolator and Module Duplexer Design 

Miniature "drop-in" circulators were required to perform the 
duplexing function at the module antenna port and to isolate transmitter 
power amplifier from antenna mismatch conditions. These units were speci- 
fied for operation over the unique frequency bands associated with the SPACS 
I system and requirements are given for the duplexer in Table 5-8; require- 
ments for the transmit isolator are given in Table 5-9. 

The particular units used in the SPACS I breadboard module were 
procurred from TRAK Microwave Corp., Tampa, Florida. Performance results 
are compared with the requirements in Tables 5-8 and 5-9. The physical 
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TABLE 5-7. SUSPENDED-SUBSTRATE 
RECEIVE FILTER PERFORMANCE 



TABLE 5-8. DUPLEXER (CIRCULATOR), SPACS I MODULE 
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= LOWER TRANSMIT FREQUENCY (2217.5 MHz) 
R^ = LOWER RECEIVE FREQUENCY (2041.9 MHz) 
R^ = UPPER RECEIVE FREQUENCY (2106.4 MHz) 



1.8 2.0 2.2 2.4 


FREQUENCY (GHz) 


Figure 5-21. Performance Comparison, Suspended-Substrate 

Receiver Filter and Design Goal 
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Figure 5-22. Temperature Evaluation, 
Sonoma Comb-Line Filter 
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Figure 5-23. Rejection/Passband Characteristics* 

SPACS I Receive Filter 
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Figure 5-25. Schematic, Receiver Combi ine Filter 
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size of each unit is 0.75 x 0.75 x 0.25 inches and the isolator is provided 
with a third-port termination in which to dissipate reflected energy 
which might attempt to re-enter the transmit channel. 

6. Low Noise Amplifier Design 

Module receiver electronic gain and noise figure requirements were 
satisfied through the design. and development of a 3-stage low noise amplifier 
shown schematically in Figure 5-26. The amplifier utilizes the Avantek 
AT- 4641 microwave transistor in each stage, with the bias currents optimized 
for minimum noise contribution and maximum output gain compression in the 
first and third stages, respectively. 

Design procedure was based on the use of "black box" scattering 
parameters measured on the Avantek transistors. S-parameters were measured 
on several representative units over the frequency range 1900-2250 MHz for 

collector current levels of 5, 7, 10, 15, and 20 mA at a 10 volt V level. 

ce 

Noise figure measurements were also conducted on the AT4641 
transistor as well as the Fairchild FMT-4005. A summary of these results 
is shown in Table 5-10; by virtue of its lower noise performance the AT4641 
transistor was established as the prime device. 

Gain compression measurements were conducted on the AT4641 and 
results are shown graphically in Figure 5-27. Since collector currents are 
limited to a maximum of 10 mA on the FMT-4005 transistor, It was not con- 
sidered a contender for use in the higher level third stage. 

Noise figure was minimized through the design of a network which 
transformed the driving point impedance of the comb-line filter, shown in 
Figure 5-28, to the optimum source impedance for minimum noise figure over 
each receive channel. Characterization of the optimum source impedance for 
minimum noise was accomplished in the test set shown in Figure 5-29. 
Adjustable screw tuners were used to minimize noise figure (input tuner) 
and to maximize gain (output tuner). The test set was then disassembled 
and source and load impedance measurements were made using the Hewlett- 
Packard Automatic Network Analyzer. The measured optimum source impedance 
is also shown on Figure 5-28. Computer-aided design techniques were 
utilized to optimize element values of the input network topology; the 
figure of merit used for this optimization was the mismatch loss between 
the transformed impedance of the comb-line filter and the required source 
impedance to minimize the noise figure of the AT-4641 transistor. This 
input network, with optimized element values, is shown schematically in 
Figure 5-30. The driving point impedance presented to the AT4641, with the 
input matching circuit terminated by the comb-line filter, is shown in 
Figure 5-31 along with the required optimum source impedance. The calculated 
mismatch loss between the transformed impedance and the required impedance 
is shown in Figure 5-32. 
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TABLE 5-9. ISOLATOR, SPA'CS I MODULE 


PARAMETER 

REQUIREMENTS 

RESULTS 

Center Frequency 

2252 MHz 

2252 MHz 

Bandwidth 

5% 

(2196-2308 MHz) 

5% 

Isolation 

20 dB, min. 

22 dB, min. 

Insertion Loss 

0.5 dB, max. 

0.4 dB, max. 

VSWR 

1.26:1, max. 

1.4:1, max. 


Table 5-10. Noise Figure Summary, SPACS I Low Noise 
Device Evaluation 


Device 

Unit No. 

Gain 

(dB) 

Noise Figure 
(dB) 

FMT-4005 

3 

11.0 

2.45 


4 

10.0 

2.61 


5 

10.4 

2.48 

AT-4641 

69 

11.5 

2.19 


73 

10.5 

2.31 


89 

1 

11.0 

2.05 
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Figure 5-28. Driving Point Impedance, Comb-Line Filter, Low 

Noise Amplifier Port 
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Figure 5-29. Noise Figure Test Set 




NOTE: Xg REFERENCED TO 2080 MHz 


Figure 5-30. First Stage Noise Match, Low Noise Amplifier 




m 



Figure 5-31, Source Impedance At Low Noise Device, Optimized Input 
Network Terminated Into Comb-Line Filter 
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Design of the complete 3-stage configuration was typically con- 
ducted as follows: 

• Gain circles on the impedance plane were generated for each 
stage {i.e., as a function of collector bias current) utilizing 
the HP 9820A calculator, the HP Microwave Pac software, and S- 
parameters previously measured. Gain circles typical of the 
first stage (Ic=7mA) are shown in Figure 5-33. The input and 
output gain circles converge to respective points which achieve 
maximum gain (Gmax) identified as r^s (reflection coefficient of 
conjugate input match) and r^-j (reflection coefficient of 
conjugate output match). The gain circles denote available 
gain when the device is terminated in impedances other than 
conjugate matches. 

• For minimum noise figure, the source impedance presented to the 
AT4641 is identified as Topt and it can be seen from Figure 5-33 
that the resulting gain will be approximately 11.7 dB. This 
gain is achieved, however, only if the device is terminated in 
Tmi . This represents a conjugate output match for the "new" 
source impedance , and deviations from this load can be 
analyzed through the use of the gain circles around . These 
circles are specified as negative gain (loss) and are referenced 
to the maximum obtainable gain for r^p^, 11.7 dB. 

• These gain circles are utilized to specify the circuit topology 
and approximate element values. 

• The overall amplifier topology is specified on an optimization 
program and computer-aided design techniques are utilized to 
achieve a design which best meets all requirements. 

The requirements established for the low-noise amplifier are shown 
in Table 5-11 and are compared against the computer optimized circuit. 

Actual performance data measured on the low-noise amplifier is shown in 
Figure 5-34. 

This amplifier is shown schematically in Figure 5-26. The con- 
figuration was realized through definition of microstrip elements on 0.025- 
inch thick alumina substrate material using thin-film techniques. All 
bypass capacitors and the input and output blocking capacitors are chip 
components soldered in place; the DC blocking capacitors between stages 
are beam-lead components. 

The bias stabilization circuitry utilizes chip resistors and is 
fabricated on a separate alumina substrate. This complete physical 
separation of RF and DC circuitry optimizes the assembly process and results 
in a cost-effective approach to increasing the overall circuit assembly 
yield; yields associated with the RF section are completely independent of 
DC circuit yields. 
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Figure 5-33. Source and Load Gain Circles, AVANTEK AT-4641 

Low Noise Transistor, = lOV, Iq = 7 mA 
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Table 5-n. Low Noise Amplifier, SPACS I Module 


Parameter 

Requirement 

Results 

Gain 

33 dB, Typ 

33 dB, Typ^ 

Noise Figure 



0 2046 MHz 

- 

3.45 dB, Typ^ 

0 2106 MHz 

• 

3.35 dB, Typ^ 

Bandwidth 

2030 - 2120 MHz 

1970 - 2170 



M Hi 

Supply Voltage 

12 Volt 

12 Volt 

Current Drain 

30 mA 

37 mA 

Phase Linearity 
(Within required 

+, 5 Degrees 

i 1 Degree 

Bandwidth) 




Gam before receiver was tuned to optimize duplexed operation; gain 
increased above this value after tuning LNA/filter interface to 
optimize transmit frequency rejection 


LNA was optimized for lowest noise figure when interfaced with 
comblme filter impedance characteristic; calculated minimum 

noise figure of 3-stage amplifier is 3.0 dB, when interfaced with 
Ti I ter 
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7. Receive Phase Shifter Design 

The electronic phase shift circuit utilized by the module 
receiver is a 3-bit line-length type phase shifter similar in design to 
the one previously discussed in Section V.A.1> Transmit Phase Shifter Design. 
As in the transmit section, this phase shifter was also first demonstrated 
in the AESPA module (Contract No. NAS8-25847, Marshall Space Flight Center). 
Performance of that particular phase shifter, fabricated with beam-lead 
components, is shown in Table 5-12. This circuit was reconfigured with 
minor changes to accept the beam-lead components, to conform to the in- 
herent physical requirements of the SPACS I module, and to be optimum for 
the center frequency (2074 MHz) of the SPACS receive bandpass. 

Actual performance data recorded on the receive phase shifter 
integrated into the breadboard module is shown in Table 5-13. Circuit 
physical size is 0.600 x 1.200 x 0.025 inches and construction techniques 
are identical to those discussed in Section V.A.l. 

8. Phase Shifter Logic 

The logic circuitry which is used to accept phase shift commands 
and to set the appropriate phase bit position for each module transmitter 
and receiver is shown in the block diagram of Figure 5-35. This basic logic 
configuration was first demonstrated in the AESPA module (Contract No. 
NAS8-25847, Marshall Space Flight Center). 

This configuration was designed to minimize power and weight while 
maximizing reliability by using fewer integrated circuit chips and inter- 
connections. Reliability is further enhanced by the parallel transfer of 
phase data from the processor to the module. Serial transfer requires one 
clock per bit, while parallel transfer only requires one clock per 3-bit 
word. Consequently, the probability of noise interaction is decreased by 
a factor of 3 with the parallel approach. This configuration also allows 
the addition of offset phase capability. Optional jumpers, denoted by the 
dotted lines in Figure 5-35, are used to select the offset bit weight 
thereby modifying all phase shift values at the SN54LS83 adder before they 
are stored in the SN54L98 storage register. This phase offset capability 
may be used as a "gross" frequency- independent phase adjust for the phase 
characteristics of the transmitter and receiver in each module. Since each 
module has a phase shifter and logic circuit associated with both trans- 
mitter and receiver, this allows maximum flexibility in establishing phase 
characteristics for phased array applications. 

Each logic circuit utilizes chip integrated circuits and chip 
resistor components solder mounted to a metal ized alumina substrate. The 
interconnect pattern is photol ithographically defined and processed using 
thin-film technology. 
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Table 5-12. Phase Shifter Performance, Insertion Loss, 
VSWR and Phase Error as a Function of Bit 
Position 


Bit 

Commanded 

Phase 

(Degrees) 

Insertion Loss 
(dB) 

VSWR 

(Ratio) 

Phase Error 
(Degrees) 

0 

0 

1.44 

1.17 

- 

1 

45 

1,81 

1.20 

+ 4.4 

2 

90 

1.80 

1.25 

+ 4.8 

3 

135 

1.87 

1.09 

+ 7.9 

4 

180 

1.62 

1.01 

+ 3,8 

5 

225 

1,95 

1.16 

+ 7.6 

6 

270 

1.75 

1.34 

+ 8.3 

7 

315 

1.85 

1.21 

+13.1 


FREQUENCY = 2075 MHz 


Table 5-13. Receive Phase Shifter Performance, Breadboard Module 


Bit 

Commanded 

Phase 

(Degrees) 

Insertion Loss 
(dB) 

VSWR 

(Ratio) 

Phase Error 
(Degrees) 

0 

0 

1.50 

1.076 


1 

45 

1.74 

1.189 

-0.7 

2 

90 

1.71 

1.356 

+1.7 

3 

135 

1.63 

1.405 

-2.0 

4 

180 

1.51 

1.212 

-2.8 

5 

225 

1.65 

1.310 

-4.8 

6 

270 

1.46 

1.186 

-4.9 

7 

315 

1.54 

1.23 

-8.6 


FREQUENCY = 2080 MHz 
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A complete schematic of the phase shifter logic is shown in 
Figure 5-36. The physical size of the transmitter logic circuit is 0.300 x 
1.200 X 0.025 inches. The physical size of the receiver logic circuit is 
0.425 X 1.200 X 0.025 inches, it being slightly wider to accomodate an RF 
transmission line to direct the received signal from the duplexer into the 
comb-line filter. Each logic circuit contains all components necessary for 
proper biasing of the phase shifter diodes, thereby separating the DC 
biasing section of the phasor from the RF section. 

9. Design Tradeoffs 

Module design tradeoffs were evaluated throughout the development 
phase on a continuing basis and were notably in the following areas: 

• Receive bandpass filter 

• Transmit bandpass filter 

• Phase shifter components 

The receive bandpass filtering constraints presented basic 
physical limitations in order to simultaneously achieve the required 
rejection and receiver noise figure. Module weight and size were con- 
sidered of prime importance for an application such as the SPACS I area, 
but were somewhat compromised in order to incorporate a filter which would 
meet both noise figure and rejection requirements. 

Transmit bandpass filters were fabricated on two different thick- 
nesses of alumina substrate material, 0.C25 and 0.040 inch. The thinner 
material is considered an industry-standard for microwave integrated circuit 
(MIC) work. Evaluation of a filter design on this material, however, 
resulted in passband insertion losses somewhat higher than originally 
established as acceptable. Rather than increase the power amplifier output 
power a corresponding amount (thus decreasing transmitter reliability), 
the decision was made to fabricate the filter on the 0.040-inch alumina. 

This optimized transmitter reliability, met the rejection requirements, and 
allowed sufficient transmitter power to adequately meet the antenna EIRP 
requirements. 

Phase shifter circuits originally evaluated utilized chip PIN 
diodes and chip capacitors fabricated from metallized titanate materials. 
These components represented a minimum materials cost, but also had several 
disadvantages. Die attaching (preform method) 12 chip diodes and solder 
mounting 12 chip capacitors per phase shift network would represent sub- 
stantial labor costs subject to the rather poor yield of such an assembly 
procedure. A minimum of one bond wire per component (24 total) would also 
be required to complete component integration. These bond wires present 
significant reactances which degrade phase shifter performance and per- 
formance repeatability. Beam-lead components represent an initial higher 
cost in the bill of materials, but possess the inherent advantages of ease 
of mounting, minimum parasitics, and improved circuit assembly yields. 
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Beam-lead components were then used exclusively on both phase shifter 
circuits in an effort to optimize yields and to minimize assembly costs 
associated with these circuits. 

B. BREADBOARD MODULE EVALUATION 

1. Measurement Methods 

A significant portion of the RF measurements made on the SPACS I 
breadboard module were performed using the Hewlett-Packard Automatic 
Network Analyzer. By using this computer-directed test facility, accurate 
initial calibration and correction of all subsequent measurements is 
insured over a broad frequency range. This hardware can typically conduct 
multiple measurements and store such information as gain, phase, group 
delay, reflection coefficient magnitude and angle, VSWR, two-port parameters, 
etc., faster than it can be reproduced by the teletype printer. A copy of 
the module acceptance test procedure and test data is included in 
Appendix B for reference purposes. 

The HP 8746B Test Set was utilized for measurement of the module 
receiver section. This particular test set allows the receiver RF input 
level to be set in the range of -20 to -60 dBm to prevent overdriving the 
low noise amplifier and recording test data in a non-linear range of 
operation. Signal level is set at the touch of a button, the test set is 
calibrated at that setting, and data recorded. The inherent advantage in 
this approach is that no attenuator is required external to the test set 
to reduce the signal level at the antenna port of the module. Were this 
approach used, antenna port VSWR would be masked by the return loss of the 
external attenuator. 

The HP 8745A Test Set was utilized for measurement of the module 
transmitter section. In addition, special high-power hardware and software 
developed by Texas Instruments, Inc. Advanced Systems Department allowed 
automated testing of the transmitter section at RF input levels of +12 to 
+14 dBm. Calibration of the test set and testing at 88 unique frequency/ 
power level points is representative of the present capability of this 
hardware. 


Noise figure measurements were conducted within a "screen-room" 
using the AIL Model 75 Precision Automatic Noise Figure Indicator and 
Tube Noise Source calibrated against a "standard" noise 
source characterized by the National Bureau of Standards. 


area 

^ 1 » *T -Trt'i r> 

Cl nuutJi /UXU 


Receiver gain compression and duplex operation testing were con- 
ducted manually at a test set established within the engineering labora- 
tory area. 
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2. Transmitter Data 


Transmitter data obtained on the final breadboard module is shown 
graphically in the following figures. Transmitter output power as a func- 
tion of phase bit position, RF input power level, and frequency is shown in 
Figures 5-37, 5-38, and 5-39. Transmitter insertion phase as a function of 
phase bit position, RF input power level, and frequency is shown in 
Figures 5-40, 5-41, and 5-42. Transmitter input port VSWR as a function of 
phase bit position, RF input power level, and frequency is shown in Figures 
5-43, 5-44, and 5-45. The primary performance goals are compared with 
measured results in Table 5-14. 

3. Receiver Data 

Receiver data obtained on the breadboard module with the automatic 
network analyzer is shown graphically in the following figures. Receiver 
gain as a function of phase bit position and frequency is shown in Figure 
5-46. Receiver insertion phase as a function of phase bit position and 
frequency is shown in Figure 5-47. Antenna port VSWR as a function of phase 
bit position and frequency is shown in Figure 5-48. Typical performance 
results are summarized in Table 5-15 and are compared to the receiver design 
goals. 


Receiver noise figure and gain compression were measured at three 
frequencies within each spread-spectrum bandpass and at one frequency 
centered within the overall receiver bandwidth. These results are summarized 
in Table 5-15 and are compared to the receiver design goals. 

4. Module Duplexed Operation 

During module acceptance testing, duplexed operation of the module 
was evaluated by transmitting into a 1.6:1 VSWR antenna load and allowing 
the reflected signal to enter the receiver. The receiver output level at 
the transmit frequency was noted and compared to the compression point 
(-1 dB gain reduction) of the receiver. These results are summarized in 
Table 5-16. Questions regarding the validity of such a test resulted in 
further testing for fully-duplexed operation. 

The test set shown in Figure 5-49 was utilized to conduct an 
evaluation of the module in the fully duplexed mode. With the transmitter 
initially turned off, a spectrum analyzer was used to establish a -40 dBm 
receive signal (2041.9 MHz) at the module antenna port. The receiver output 
was then monitored and an output level of -6 dBm (implying a receiver gain 
of 34 dB) was noted. When the transmitter was then enabled (2217.5 MHz) 
and operated into the 1.6:1 VSWR antenna load, the receiver output levels 
were again noted. 
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T 


T 


2217.5 2252.5 2287.5 


FREQUENCY (MHz) 


Figure 5-38. Transmitter Power Output Boundaries, +13 dBm 
RF Input, All Phase Bits 
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INSERTION' 

PHASE 

(DEGREES) 



^ Includes Insertion Phase of 26 dB Attenuator 
For Gain Offset 


Figure 5-40. Transmitter Phase, +12 dBm RF Input, 
All Phase Bits 
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2217.5 2252.5 2287.5 

FREQUENCY (MHz) 


Figure 5-43. Transmitter Input VSWR Boundaries, +12 dBm 

RF Input Level, All Phase Bits 


INPUT 

VSWR 



Figure 5-44- Transmitter Input VSWR Boundaries, +13 dBm 

RF Input Level, All Phase Bits 
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2.0 J 


INPUT 

VSWR 



2217.5 2252 2287.5 


FREQUENCY (MHz) 


Figure 5-45. Transmitter Input VSWR Boundaries, +14 dBm 
RF Input Level, All Phase Bits 
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Table 5-14. Performance Summary SPACS I Transmitter 


Parameter 

Design Goals 

Measured Values 

Instantaneous Band 

2217.5 - 2287.5 MHz 

2217.5 - 2287.5 MHz 

width 



Power Gain 

20 dBm Min 

23 dB, Typ 

(Module input to 
antenna port) 



Power Output 

+35 dBm, Typ 

+35.5 dBm O 2217.5 MHz 
+36.5 dBm 0 2252 MHz 
+35.5 dBm @ 2287.5 MHz 

Supply Voltages 

+ 5 V, Typ 

+ 5 VDC 


+12 V, Typ 

+12 VDC 


+24 V, Max 

+22 VDC 

Current Drain 



0 + 5 VDC 

- 

37 mA, Typ 

0+12 VDC 

50 mA, Typ 

6 mA, Typ 

0 +24 VDC 

600 mA, Typ 

900 mA 0 2217.5 MHz 
900 mA 0 2252 MHz 
750 mA 0 2287.5 MHz 

RF Power Input 

+15 to +17 dBm 

+12 to +14 dBm 

Level 

Maximum 
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2050 


2 


Figure 


FREQUENCY (MHz) 


-46. Receiver Gain Boundaries, -40 dBm RF Input, 
All Phase Bits 
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PHASE (DEGREES) 
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Table 5-15. Perfromance Surnnary,’ SPACS I Receiver 


Parameter 


Instantaneous Band- 
width 


Power Gain 
(Antenna port to 
module output) 


Noise Figure 


Output 1 dB Gain 
Compression Point 


Design Goals 
2030.9 - 2117.4 MHz 

25 dB, Min 

4.87 de\ Max 
5.33 dB^, Max 

+10 dBm, Min 


Measured Values 


2030.9 - 2117.4 MHz 
33 dB, Typ 


5.0 dB 0 2041.9 MHz 
4.8 dB @ 2074 MHz 

4.1 dB 0 2106.4 MHz 

+9.75 dBm @ 2041.9 MHz 
+10.3 dBm 0 2074 MHz 
+10.45 dBm 0 2106.4 MHz 


Supply Voltages 


Current Drain 


+ 5 VDC 
+12 VDC 


+ 5 VDC 
+12 VDC 


0 5 VDC 
0 12 VDC 


37 mA, Typ 


30 mA, Typ 


37 mA, Typ 


Design Goal 
Contract Requirement 
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Table 5-16. Module Duplex Evaluation, Final Acceptance Test 
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cn 

I 

o 


A. 2217.5 MHz 

B. 2287.5 MHz 
(+13 dBm) 



A. 2041.9 MHz 

B. 2106.4 MHz 
(-10 dBm) 



Figure 5-49. Module Duplex Test Set, SPACS I 







Output level at the transmit frequency was +10 dBm and at the 
receive frequency, -8 dBm. This indicated slight compression of the 
receiver and a resulting 2 dB degradation in receiver gain which will not 
affect array performance since receiver gain is still greater than 30 dB. 

The same test was repeated at the upper frequency band {transmit at 
2287.5 MHz, receive at 2106.4 MHz) and no detectable degradation in 
receiver gain was noted. These results are summarized in Table 5-17. 

An evaluation of intermodulation distortion was also conducted 
under fully duplexed operation. The lower band test described above was 
repeated with the 1.6:1 VSWR load replaced by a load VSWR less than 1.05:1. 
The module was fully duplexed and other frequency products were observed 
to be greater than 40 dB below the receiver carrier frequency level. The 
50 ohm load was replaced with the 1.6:1 VSWR mismatch and a frequency 
product (2390 MHz) was observed to be 22 dB below the receive carrier 
frequency. This represents a second-order intermodulation term produced 
by fully duplexed operation into a mismatch typically of the spiral antenna, 
but should not degrade the array performance. The intermodulation test was 
also repeated at the upper frequency band (transmit at 2287.5 MHz, receive 
at 2106.4 MHz). No intermodulation products greater than 40 dB below the 
receive carrier frequency were observed for either antenna port termination. 

The module was also evaluated in the fully duplexed mode with 
pulsed modulation on the receive carrier frequency such that a sin x/x 
frequency spectrum was established with 4.6 MHz between second nulls. As 
viewed on a spectrum analyzer log display, no discernible difference was 
noted as the transmitter was switch on and off for the upper band channels. 
When the test was conducted on the lower band channels the only discernible 
change in the frequency spectrum was a small change in amplitude comparable 

to the 2 dB gain change noted in the initial duplex testing. Displays of 

this frequency spectrum change are shown in Figure 5-50. As can be seen 
in these pictures, no receiver distortion occurs for the transmitter^ on 
under duplex operation. Hence, no phase information will be lost. 

5. DC Power Budget 

A DC power budget for the total module is included for reference 

and is summarized in Table 5-18. Current drain and required prime power is 

shown for two cases on the module transmitter; RF signal input present and 
no RF signal input present. The second and third stages of the power ampli- 
fier are operated class C and, therefore, do not require any bias current 
unless an RF input signal is present. The prime power required for the 
receive section is independent of power level for linear operation of the 
low noise amplifier. 

6. Device Junction Temperature and Reliability 

Active device junction temperatures have been calculated for 
typical module operating temperatures expected in the breadboard array 
system. These temperatures are based on typical power dissipation levels 
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Table 5-17. Performance Sunmiary, Module Duplex Evaluation 














204 1 . 9 MHZ 




TRANSMITTER 
OFF » 

RECEIVE CARRIER 
INPUT -40 DBM 
OUTPUT -6 DBM 



ORIGINAL PAGE IS 
OF POOR QUALiry 


204 1 . 9 MHZ 



TRANSMITTER 
ON I 

f = 2217.5 MHZ 
RECEIVE CARRIER 
INPUT -40 DBM 
OUTPUT -6 DBM 


Figure 5-50. Amplitude-Modulated Frequency Spectrum Under 
Fully-Duplexed Operation 
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Table 5-18. DC Power Budget, SPACS I Module 



+5 

VDC 

+12 

VDC 

+22 VDC 


Current 

Power 

Current 

Power 

Current 

Power 


(mA) 

(W) 

(mA) 

(W) 

(mA) 

(W) 

Transmit Section 







(No RF Signal Input) 







Power Amplifier, 1st Stage 



6 

.072 

26 

.572 

, 2nd Stage 

- 

- 

- 

- 

- 

- 

, 3rd Stage 

- 

- 

- 


_ 

4 — 

Phase Shifter and Logic 

37 

.185 


- 


- 

Transmit Section 

^■nn 


' 




(RF Signal Input) 







Power Amplifier, 1st Stage 



6 

[ 

.072 

26 

.572 

, 2nd Stage 



- 

- 

120 

1 2.64 

, 3rd Stage 


- 

- 

- 

750 

i 16.50 

Phase Shifter and Logic 

37 

.185 

- 

- 


- 

Receive Section 







Phase Shifter and Logic 

37 

.185 

_ 




Low Noise Amplifier, 1st Stage 



7 

.084 

- 


, 2nd Stage 


- 

10 

.120 

- 


, 3rd Stage 


- 

20 

.240 

- 

- 

Total Power 

0.37 W 

0.52 

! W 

19 

.71 W 


Total DC Power Per Module = 20.6 W 
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observed in the breadboard module and manufacturers recommended values for 
device thermal impedance. This data is summarized in Table 5-19. In the 
case of semiconductor components with a given contact metallization system, 
the operating junction temperature can be related to mean-time-to-failure 
through the use of calculated and/or measured data such as that shown in 
Figure 5-51. This figure contains calculated and measured reliability data 
on some typical RF power transistors such as the MSC4001 transistor used 
in the SPACS I transmitter. It is noted that for junction temperatures 
equal to or less than 140°C, mean-time-to-failure exceeds a calculated 
value of eight years and exceeds a measured value {obtained through 
reliability stress testing) of 50 years. 

C. SUMMARY AND CONCLUSIONS 

A transceiver module utilizing state-of-the-art microwave integrated 
circuit technology has been designed for fully-duplexed operation in an 
active element phased array communications antenna. 

Module operational requirements and results of module electrical 
testing are summarized in Table 5-20. 

The complete module circuitry is shown in Figure 5-52 and each unique 
circuit function is identified for reference purposes. 

The overall module concept is completely compatible with the array 
requirements and meets or exceeds the original requirements established for 
a viable module design. 

D. RECOMMENDATIONS FOR FUTURE IMPROVEMENTS OF FLIGHT MODEL 

Specific areas of the present module configuration can be identified 
and considered for possible future improvement. 

t Receive bandpass filter - As filter technology continues to 

progress, filters are presently being demonstrated at one-third 
the frequency of the SPACS I receiver band which are smaller 
and lighter than the SPACS I comb-line filter. These filters 
have a 2 dB passband insertion loss and rejection of 45 dB at 
a frequency located one and one-half times the 1 dB bandwidth 
above the filter center frequency. The percent bandwidth 
of the 1 dB points is 6.5%. This represents significant 
miniaturization capability and the technology might be 
applied to reduce module size and weight. 
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Table 5-19. RF Device Junction Temperature Summary 



DEVICE 


Power Amplifier 
MS 251 
MSC 4001 
MSC 2023-6 

Low Noise Amplifier 
AT-4641 (1st stage) 
AT-4641 (2nd stage) 
AT-4641 (3rd stage) 



0.070 

0.100 

0.200 


= Q-tc X Dissipated Power 

JMIaA jb 

^ T. = at. + T. , where T 


’’jmax " ftmax ! ‘•‘s’ temperature at each 
device location with T^ = 55 C, maximum. 


Table 5-20. SPACS I Breadboard Module Performance Summary 
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hi 00 YEARS 


50 YEARS 


MEASURED 

MTTF 


W 


10 YEARS 


5 YEARS 


CONDITIONS 


1 YEAR 


MSC CROSS SECTION NO. OF Ic(*) 
TYPE (cm^) FINGERS (AMP.) 


.22 X 10' 


0.143 


1 MONTH 


1 WEEK 


(*)Co1 lector Current in Typical 
Applications (Vcc 28V Psat). 


135*C 


CALCULATED 

MTTF 


JUNCTION TEMPERATURE (*C) 

Figure 5-51. Transistor Reliability As A Function of 
Junction Temperature 
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Figure 5-52. Transceiver Module, SPACS I Breadboard 
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Thin-Film Microstrip Circuitry - Elimination of many com- 
ponents (chip resistors) and the associated labor of solder 
mounting these components is possible by configuring the 
bias and logic circuitry for thin-film nichrome resistors 
which would be deposited and defined during processing of 
the alumina networks. This approach is only cost-effective, 
however, for higher-volume production of these circuits. 

Should the module requirement extend past a design and 
development stage, careful evaluation of the most appropriate 
circuit approach should be considered. 

Isolator - Evaluation of transmitter performance without the 
ferrite isolator could also be considered as an approach to 
reduce module weight and size. Transmitter narrowband filte’'..ig 
provides some amount of isolation (approximately 4 dB) to anttnna 
mismatches and might prove to be sufficient considering the 
present antenna element performance. 

Temperature Qualification - Further tests and design changes 
may be^required to completely qualify the module design over 
the -8 C to 45 C required module case temperature range. 

These tests could be easily performed and the module modified 
slightly to meet these temperature conditions. These items 
would be performed on a full qualification type system design. 

Vibration Qualification - Although the module has been 
initially designed to meet MIL E-5400 type vibration, 
additional vibration tests and improvements need to be made 
on later contracts to fully qualify the module for NASA 
spacecraft type environments. 

Space Qualified Parts - The module has been designed with 
good quality commercial parts to meet the cost and schedule 
requirements under this contract. Future qualification and 
flight model modules would use high reliability, NASA Space 
approved parts. 
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SECTION VI 


RF MANIFOLD DESIGN AND EVALUATION 


A. RF MANIFOLD DESIGN 

A standard balanced stripline design was used for both the transmit 
and receive RF manifold. Three equal (3 dB) split equal phase Wilkenson 
power dividers are cascaded to make an eight way power divider and combiner. 
One port of each manifold is terminated with a 50 fl chip resistor to convert 
this design into a seven-way power divider and combiner to connect with the 
seven modules of the array. 

The basic 3 dB power divider is shown by Figure 6-1. 


BL = ARBITRARY 



Figure 6-1. 3 dB Wilkenson Power Divider 

The 100 resistor used is a basic composition 1/4 watt unit. 

The stripline transmission lines were laid out to have equal phase 
lengths for all seven ports. The RF manifolds were fabricated using 0.062 
inch thick teflon - fiberglass board material for each layer. The design 
frequency for the transmit manifold is 2252 MHz (center frequency) and for 
the receive manifold is 2074 MHz (center frequency). 

Pictures of the transmission Tine- patterns for the receive manifold 
and transmit manifold are shown in Figures 6-2 and 6-3 respectively. The 
calculated loss for each of the ports of the seven-way power dividers is: 

Loss for 8-way splitter = 9.03 dB 

0.25 Loss/3 dB splitter X 3 = 0-75 dB 

Total 9.8 dB 
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Figure 6-3. Trnastnit Manifold 
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Specially machined SMB connectors are mounted perpendicular through 
the stripline boards. Grounding ribbons are used to connect the top ground 
plane to the bottom ground plane of the stripline manifold. These assemblies 
are then clamped between support structures in' the array housing. 

The transmit and receive manifolds are shown clamped between typical 

Support structures in Figures 6-4 and 6-5. The special (con-hex) SMB 

connectors can be seen in these photos. The transmit/receive modules have 
mating connectors and plug into these manifolds. 

B. BREADBOARD. RF MANIFOLD EVALUATION 

The transmit and receive RF manifolds were evaluated by measuring them 
on a Hewlett-Packard Automatic Network Analyzer (ANA) model HP8542A using 
a Hewlett-Packard software program AGSOl. One output port was measured at 
a time while the other six output ports were terminated with 50 loads. 

For these measurements both RF manifolds were clamped in place in the 
SPACS I array just like they would be in a final unit. A summary of this 

final data is shown in Tables 6-1 and 6-2. 


Table 6-1. Summary of Final Transmit RF Manifold Measurements 





Mean 

Phase 




Mean 

Insertion 

Standard 

Mean 

Frequency 

Mean 

Insertion Loss 

Phase 

Devi ation 

Isol ation 

(MHz) 

VSWR 

(dB) 

(degrees) 

(degrees) 

(dB) 


2210 

1.26 

9.53 

+120.6 

2.9 

22.8 

2220 

1.21 

9.54 

+111.3 

2.9 

22.9 

2250 

1.09 

9.56 

+ 83.5 

2.9 

22.7 

2280 

1.02 

9.55 

+ 55.8 

2.9 

21.8 

2290 

1.02 

9.59 

+ 46.5 

3.0 

21.3 
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Figure 6-4. 


Connector Side-RF Manifold 
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Figure 6-5 


RF Manifolds (Oblique View) 


Table 6-2. Summary of Final Receive RF Manifold Measurements 


Frequency 

Mean 

Mean 

Insertion Loss 

Mean 

Insertion 

Phase 

Phase 
Standard 
Devi ai on 

Isolation 

(MHz) 

VSWR 

(dB) 

(degrees) 

(degrees) 

(dB) 


2030 

1.38 

9.68 

- 42.9 

1.4 

20.6 

2040 

1.31 

9.68 

- 52.3 

1.4 

21.0 

2050 

1.24 

9.67 

- 61.8 

1 .4 

21.3 

2070 

1.14 

9.61 

- 81.3 

1.4 

21.8 

2100 

1.15 

9.67 

-110.0 

1.5 

22.4 

2110 

1.19 

9.69 

-119.6 

1.5 

22.4 

2120 

1.23 

9.71 

-129.2 

1.5 

22.5 


C. SUMMARY AND IMPROVEMENTS 

As can be seen from the previously summarized data, the breadboard RF 
manifold performance is very good- Improved performance will be obtained 
on future flight model RF manifolds. Improved manifolds will be of bonded 
stripline construction with plated through ground holes to improve electrical 
repeatability and uniformity. This will also reduce the affects due to 
different mounting and clamping techniques. With these improvements, the 
VSWR should be reduced and the phase difference between ports will be reduced. 
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SECTION VII 



STEERING CONTROLLER CONCEPTS 


A detailed design of the array steering controller was not performed under 
this contract. Too many unknowns still exist regarding the interface between 
the on-board computer and the antenna. 

Basically each of the four arrays will have an identical phasor (logic) 
steering controller which will take the basic antenna scan signals and translate 
these into the correct phase shifter logic commands. The central power supply 
and controller (coordinate converter and switching unit) will interface with 
the aircrafts central computer to calculate the correct antenna scan signals. 


To steer the transmitter beam independently of the receiver beam direction, 

two separate scan angle commands wi 1 1 be required. One of these is for the 

transmit angle (a , a ) and one is for the receive angle (y > Yw) • 

X y X y 

These angles need to have the proper coordinate conversion to provide 
identical command signals referenced to the boresight of each array aperture. 

Thus, the appropriate coordinate transformation must be performed by the on-board 
computer or central controller to properly scan the lower (left and right) and 
upper (left and right) quad antenna array. 

The antenna steering (logic) controller will consist of a single multilayer 
printed circuit board 8.0 inches x 3.5 inches x 0.7 inches. This circuit board 
will contain all the TTL integrated circuits and circuitry to perform the beam- 
steering functions. The board is made of etched copper circuits on epoxy fiberglass 
laminates that are bonded together. Where circuits must interconnect between 
layers or to the outside mounted active circuits, plated through holes are used. 

To protect the assembly, a housing of thin aluminum sheet metal will be used. 


To make interconnections between this unit and the modules, a 31-pin 
connector will be used. This connector is of the same series as used on the 
T/R modules except it has more pins. The steering controller module will plug 
directly into a mating connector on the DC manifold. The 31-pin DC and logic 
connector on the steering controller will have the following pins. All logic 
commands will be TTL compatible signals with nominal 0 to 5 volts. 


(A) Logic Input Signals 


1. Transmit pitch/yaw input data (8-bit serial word) 


2. Receive pitch/yaw input data (8-bit serial word) 


5 pins < 3. Enable Command 

I +5 V array available for scan 

0 V array steered to boresight 


4. Data Clock (200 nsec pulse width minimum because of minimum 
200 nsec setup time, 2.5 MHz maximum PRF) 

5. Module Select (7-bit serial word transmitted before data, 
transmit/receive pair selected together). 
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(B) DC Input Signals 

r 1. +12 volts regulated +2% (0.35 amp) 

3 pins < 2. Regulated Return (ground) 

3. +5 volts regulated +5% (0.92 amp) 

The DC manifold will interface between the steering controller and the 
T/R modules. It will route the output signals correctly to the modules. 

(C) Logic Output Signals to Modules 


To each of six outer phasor modules. 


12 pins 


4 pins / 
(D) 


‘1. Transmitter Clock Pulse 

(phasor triggers from negative going pulse edge) 

2. Receiver Clock Pulse 

(phasor triggers from negative going pulse edge) 

Common to all six outer modules. 

3. Enable Command 

4. 45° - bit command 

5. 90° - bit command 

6. 180° - bit command 

DC Output Signals to Modules 
To each of seven modules. 


7 pins —1. +12 volts regulated +2% (0.050 amp) 

The +12 volt line is used to turn on and off both the transmitter and 
receiver in each module. By addressing the module select line, any combination 
of modules may be turned on or off for check-out purposes. 


The center T/R module wi 
logic command signals. DC si 
controller and DC manifold. 


11 not have phasor circuits and thus do not get 
gnals are the only inputs required from the steeri 


ng 


Basically the steering controller accepts pitch and yaw angle commands from 
the coordinate converter/power conditioner and calculates the six 3-bit phase 
words to phase the six outer module elements for the transmitter and receiver 
functions. In addition, the steering controller accepts a module select command 
which in turn turns on or off the +12 volt DC signals to the appropriate modules 
for module checkout. 
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In case of central computer failure, the coordinate converter/power 
conditioner would set the enable line to 0 volts (low) and switch over to 
an independent 1 KHz clock to drive the steering controller. These command 
signals would cause all the phase shifters in the modules to return to the 
U - bit positions. The arr?y would thus be set to its cii-boresight position 
and remain this way until the central on-board computer was restored to its 
normal functioning state. 
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SECTION VIII 


THERMAL DESIGN AND ANALYSIS 


A. INTRODUCTION 

A preliminary study of various thermal control techniques for the 
SPACS I assembly has been completed. The, control methods required include a 
combination of conduction, radiation to space, and use of circulating liquid 
coolants. The 112 watts of electrical power dissipated in each of the four 
systems must be removed from the electronics and dissipated directly to the 
space environment or an in-board heat sink. The orbital bondline temperature 
of the TPS (Thermal Protection System) covering the vehicle surface in the 
area immediately over the antenna ranges from -120° to 44°C for the upper 
quadrants and -79°C to 77°C for the lower quadrants. Allowable temperature 
limits for the individual module chassis are set at 0°C to 55°C. It is 
evident that the TPS bondline upper temperature extreme of 77°C must be re- 
duced to achieve satisfactory electronics temperatures. 

During re-entry, it will be required that only the lower quadrant mounted 
antennas remain operative until some time following touchdown. This means 
that the upper quadrant systems must only survive "storage" temperature limits 
during re-entry. However, the lower quadrant systems will require an in- 
board heat sink to "operate" satisfactorily while exposed to the transient 
rise of the TPS boundary to 177°C. 

B. BOUNDARY TEMPERATURES 

The structural support for the SPACS I consists of an aluminum bracket 
which is riveted to the vehicle frame. A circular carrier panel of nylon- 
phenolic honeycomb is also attached to this bracket to provide support for 
the TPS and a "window" for the antenna. Temperatures of this mounting bracket 
are assumed to be the same as the bondline between the TPS and the vehicle. 
Bondline and corresponding surface temperatures for the TPS are presented in 
Table 8-1 for the various operating cases. 

The worst case "cold" environment occurs in the upper quadrants for a 
TPS bondline temperature of -120°C (-185°F). This case occurs during orbit 
with no direct solar heat flux incident on the vehicle surface. Similarly, 
the worst case "hot" environment during orbit occurs in the lower quadrants. 
Direct solar flux on the TPS surface results in a TPS bondline temperature 
of 77°C (170°F). All temperatures presented in Table 8-1 are assumed to be 
steady state except those presented at various points in time following 
start of re-entry. TPS surface and bondline temperatures are presented as a 
function of re-entry time in Figure 8-1. Upper quadrant bondline temperatures 
of 177°C (350°F) occur at approximately 1350 seconds into re-entry. Bondline 
temperatures in the lower quadrants remain constant at 52°C (125°F) until 1050 
seconds into re-entry and then increase slowly to 82°C (180°F) at touchdown. 

As a result of the extremely high surface temperatures (131 6°C) and large 
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TEMPERATURE 



Figure 8-1, TPS Bondline and Surface Reentry Temperatures 
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TABLE 8-1 


SPACS I BOUNDARY TEMPERATURES 



Bondline 

Outer 

Surface 

“C 

°F 

°C 

°F 

I. 

Breadboard 


35 

95 

35 

95 

II. 

Pre- 

Launch 


51.7 

125 

51 .7 

125 

III. 

Orbit 







A. 

Upper Quads 








1 . Hot Face 


44.4 

112 

51.7 

125 



2. Cold Face 


-120.5 

-185 

-142.8 

-225 


B. 

Lower Quads 








1 . Hot Face 


76.7 

170 

121.1 

250 



2. Cold Face 


-78.9 

-no 

-137.2 

-215 

IV. 

Entry 

Time, Sec 






A. 

Upper Quads 

0 

51 .7 

125 

51.7 

125 




500 

76.7 

170 

426.7 

800 




1350 

176.7 

350 

115.6 

240 




2000 

137.8 

280 

60.0 

140 


B. 

Lower Quads 

0 

51.7 

125 

51.7 

125 




400 

51.7 

125 

1315.6 

2400 




1050 

51 .7 

125 

982.2 

1800 




2000 

82.2 

180 

148.9 

300 




5000 

176.7 

350 

54.4 

130 


thermal time constant of the lower quadrant TPS, bondline temperatures 
continue to increase following touchdown as heat stored in the TPS is 
dissipated to the vehicle structure. 

C. CONFIGURATIONS 

The Thermal Protection System configuration in the region over the SPACS 
arrays has several components not used elsewhere on the vehicle. A schematic 
of the SPACS insulation is presented in Figure 8-2. The carrier panel is a 
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honeycomb structure used to support the TPS over the SPACS I array. The TPS 
configuration shown in Figure 8-1 for the vehicle insulation does not include 
the Carrier Panel or the Moisture Avoidance Pad (MAP). Thickness of the High 
Temperature Reusable Surface Insulation (HRSI) is 0.35-inch and 3.25-inches 
over the upper and lower quadrant arrays, respectively. 


Thermal conductivity data versus temperature for the HRSI is presented 
in Table 8-2 from an orbiting temperature of -250''F to a re-entry temperature 
of 2300°F. The thermal conductivity values assumed for other materials in the 
TPS are presented in Table 8-3. There is some uncertainty as to the specific 
felt" material in the Strain Isolation Pad (SIP) and the RTV material in the 
Moisture Avoidance Pad (MAP). 


TABLE 8-2 


THERMAL PROPERTIES OF HIGH TEMPERATURE 
REUSABLE SURFACE INSULATION (HRSI) 


T, °F 

k*, Btu/hr-ft-°F 

Cp, Btu/lbm-?F 

-250 

0.0050 

0.070 

-150 

— 

0.105 

0 

0.0075 

0.150 

250 

0.0092 

0.210 

500 

0.0125 

0.252 

750 

0.0175 

0.275 

1000 

0.0233 

0.282 

1250 

0.0308 

0.296 

1500 

0.0416 

0.300 

1700 

0.0567 

0.302 

1750 

0.0734 

0.303 

2300 

0.0966 

0.303 


Phrsi = 9 1bs/ft^ 


* P = 0.076 torr 

r- The composition of the SPACS I circuit board assembly is shown in 
igure 8-3. There are no bond joints between any of the boards as in the 
PS assembly. Honeycomb materials in the array are assumed to be the same as 
used in the Carrier Panel in the TPS. Further studies will be required to 

■’"^l^ence of the metal inserts, fasteners, electrical connectors, 
and copper cladding on the temperature distribution in the circuit board 

assembly. Thermal conductivities for the circuit board materials are presented 
in Tabl e 8-3. 
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1 


SPACS ARRAY 


BOROSILICATE COATING (.015) 

HRSI TILE (.35 UPPER: 3.25 LOWER) 
RTV-560 (.010) 

STRAIN ISOLATOR FELT PAD (.165) 
RTV-560 (.015) 

CARRIER PANEL (.025) 

MOISTURE AVOIDANCE PAD (.015 TO .045) 


Figure 8-2. Thermal Protection System (TPS) Configuration 


SPACS MODULES 




HONEYCOMB OR HEAT EXCHANGER (.498) 
DC MANIFOLD (.090) 

SPACER (.125) 

RECEIVER MANIFOLD 
TRANSMITTER MANIFOLD (.126) 
HONEYCOMB (.396) 

BALUN (.126) 

HOUSING (.843) 

SPIRAL ANTENNA (.060) 


TPS 


Figure 8-3. SPACS I Circuit Board Assembly Configuration 
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TABLE 8-3 


THERMAL CONDUCTIVITY OF VARIOUS 
SPACS I MATERIALS 



*Perpendicular to laminate. 


D. THERMAL CONTROL CONCEPTS 

1. TPS Radiator Heat Sink 

The first method considered for thermal control of the SPACS con- 
sisted of conducting the 112 watts of dissipated electrical power through the 
antenna circuit boards and TPS and then radiating this power to the space 
environment from the TPS surface. It was assumed that the electronics are 
isolated from the vehicle structure with a support bracket constructed of 
insulating material. 

The low thermal conductivity property of the LI-900 tile prohibits 
steady-state thermal conduction through the TPS in orbit in the same manner 
that it insulates the vehicle from transient re-entry heating effects. An 
estimate of the temperature gradient required to conduct 112 attts across a 
3.p-inch thickness of LI-900 tile having a diameter of 12.5 inches may be 
determined from the Fourier heat rate equation. Assuming an average tile 
thermal conductivity of 0.0508 Btu/hr-ft-°F from -250°F to 2300^F, the required 
gradient is 1310°C. 
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AT = 


112 watts X 3.413 x 3.25 in x 12 
0.0508 X I (12.5)’ in’ 


239rF (1310°C) 


A temperature gradient of this magnitude obviously is not feasible and 
virtually eliminates any possibility of control through the TPS 

With no incident solar flux, the surface temperature of the LI-900 
(emissivity = 0.8) required to radiate 112 watts to the space environment 
from a 12.5-inch diameter area is 296“F (147°C). 


surface 


/Lg_Y 

^aAe f 


112 watts X 3.413 x 144 

1-714x10-’ X J (12.6)’ X 0.8 


756.3°R(296°F) 


For the worst case "hot" mission with a nominal solar flux of 428 Btu/hr-ft^ 
incident on the LI-900 tile, the equilibrium temperature of a passive, "white' 
thermal control surface {solar absorptance = 0.3, emittance == 0.8) is 34°C 
(93°F). 


‘>28 X 0.3 


1.71 4x1 O' 


hr-fp^ 


X 0.8 


= 553. 2^R (93.2°F) 


The addition of 112 watts of electrical power to the 107 watts absorbed solar 
energy would increase the surface temperature to approximately 202°F {94°C), 
These surface temperature estimates indicate that the watt density for the 
12.5-inch diameter TPS surface over the antenna is much too high to achieve 
satisfactory electronics operating temperatures, even with special thermal 
control coatings. 

A heat balance may be written for the TPS to determine the required 
surface areas to obtain satisfactory electronics temperatures. Equating the 
heat conducted through the LI-900 tile 

„ _ ^^bondline ^surface ^ 


to the net heat radiated from the surface 


“^rad ■ ^rarl “ q(absorbed solar) 


surface ~ ^ 
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we obtain the following surface heat balance 
kA 

T(Tb-Ts) = T's - A \ 

or 

«IR T‘s - r (Tb - Tj) - c, = 0 

where 

= TPS surface temperature, °R 
Tg = TPS bondline temperature, °R 

a = Boltzmann constant, 1.714 x 10"® Btu/hr-ft^-^R** 

CjR = TPS emittance, 0.8 

= TPS solar absorptance, 0,3 
k = LI-900 thermal conductivity, 0.0075 Btu/hr-ft-°R 
L = LI-900 thickness, ft 

= Solar constant, 428 Btu/hr-ft^ 

The solution to the heat balance yields TPS surface temperatures and 
areas required to dissipate 112 watts by radiation to the space sink. Table 
8-4 contains these results for a typical TPS bondline temperature of 125'’F 
(51.7°C), with and without incident solar flux. It does not appear to be 
feasible to distribute the 112 watts dissipated in the SPACE I over these 
large TPS bondline areas. 


TABLE 8-4 


REQUIRED TPS RADIATING SURFACE AREAS 


Location 

With Solar Flux 

n No Solar Flux 1 




msBm 

Upper Quads 
{L = 0.33-inch) 

100.3 

56.7 

-36.6 

8.7 

Lower Quads 
(L = 3.25-inch) 

94.1 

446.7 

-179.9 

45.3 


2. TPS Bondline Heat Sink 


Since the SPACS I cannot be isolated from the vehicle and tempera- 
ture controlled independently, the vehicle structure at the TPS bondline was 
considered as the primary heat sink. Bondline temperatures are presented in 
Table 8-1 for the various mission environments. 
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Maximum electronic component temperatures will be exceeded during 
the Mission 3A worst case "hot" environment when bondline temperatures of 77°C 
(170‘^F) occur in the lower quadrants. Junction temperatures in the MSC 2023-6 
transistors would be 157°C, assuming a maximum case temperature of 77°C, 8°C/ 
watt case-to-junction thermal resistance, and 10.0 watts power dissipation. 

In the actual system, there would be additional temperature gradients resulting 
from mounting interfaces and component heat sinks. 

A finite difference thermal model of an individual, 16-watt module 
has been used to determine temperature gradients from the TPS bondline sink to 
specific components. A thermal schematic of this model is presented in 
Figure 8-4. The TPS, antenna circuit board assembly, module chassis, and 
thermal conduction paths to the TPS bondline required a total of 63 nodes. 

Heat generated in the modules flows through parallel conduction paths in the 
aluminum dust cover (nodes 59, 60, and 61) and mounting plate (nodes 15 and 
61). Neglecting thermal conduction through the antenna circuit board stack, 
the primary thermal control path is through the aluminum housing wall (node 
61 to 62) and mounting flange (node 62 to 63). 

Temperature distributions in the SPACS system have been obtained 
for the worst case "hot" bondline temperature of 77°C (170°F). These results 
indicate a 52°C temperature gradient from the bondline to the MSC 2023-6 
transistor case, and a corresponding junction temperature of 209'^C. In order 
to maintain component temperatures at acceptable levels, maximum bondline 
temperatures and module heat sink resistances must be reduced. Increasing 
material thicknesses by a factor of two in the dust cover (0.062-inch), module 
mounting plate (0.125-inch), and housing (0.125-inch) reduces the transistor 
junction temperatures to 189"’C. In addition to increased material thicknesses, 
the bondline temperature would have to be limited to 23 °C (73'’F) to limit 
component junction temperatures to 135°C as shown in Figure 8-5. 

Coupling the electronics components closely to the bondline heat 
sink by minimizing thermal conduction resistances in the housing results in 
a system weight penalty and a severe heater power penalty. When the TPS bond- 
line temperatures drop to -120.5°C (-185°F) for the worst case "cold" in the 
upper quadrant systems, heater power levels on the order of 18 watts per 
module would be required to maintain electronics chassis temperatures of 
-lO^’C. This heater power is in addition to the 16 watts electrical power per 
module. 


A temperature profile map of the existing SPACS I breadboard is 
presented in Figure 8-6. This breadboard should maintain acceptable module 
component temperatures in laboratory test environments. 

3. Self-Contained Liquid Cooling 

The use of a circulating liquid coolant system between the TPS 
bondline and electronics modules appears to offer the best thermal control 
approach for minimum weight and power and a wide temperature control range. 
This liquid-coupled system consists of two direct transfer heat exchangers or 
"cold plates" coupled with a pumped heat transfer medium. One cold plate 
would be located, in the space between the SPACS I modules and the DC manifold. 
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Cover Plate 


59 


\j 



Figure 8-4. SPACS I Thermal Model Schematic 
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Figure 8-5 SPACS I Temperature Mag For 
TPS Bondline Temperature of 23'^C 
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The lower temperature "sink" cold plate would be integral with the aluminum 
housing between the Baiun and Spiral Antenna and coupled directly to the TPS 
bondline. Thermal conduction coupling between the cold plates would be mini- 
mized by the large thermal resistance of the antenna circuit board stack. 

A preliminary analysis has been performed to determine the feasi- 
bility of using such a liquid coolant system. Several cooling oils and a 
simplified heat exchanger configuration were studied to obtain estimates of 
coolant mass flow rate requirements and temperature gradients between the 
electronics and the TPS bondline. Results of this analysis indicate that 
heat transfer coefficients for laminar flow are acceptable. In this case, 
for the design of heat exchanger equipment for viscous liquids and space 
operation, it is necessary to use a lower unit surface conductance in order to 
minimize pumping power requirements. 

The heat exchanger configuration assumed for this analysis is shown 
schematically in Figure 8-7. Each 16-watt module is cooled by the liquid 
flowing through a single, 4.0-inch long channel having the cross-sectional 
dimensions shown. 


m = Fluid mass flow rate, Ibm/hr 
Ap = Fluid cross sectional flow area, ft 
P = Channel wetted parameter, ft 


Assuming a fluid mass flow rate of 1.0 Ibm/min. of a 40% water-- 
60% ethylene glycol solution at an average temperature of 51.7°C (IZS^F) the 
following terms may be determined: 


P = 0.125 ft 

Ap = 9.765 X 10-** ft^ 

= 3.125 X 10-2 
G = 61,444 Ibm/hr-ft^ 

Re = 349 


k = 0.219 Btu/hr-ft-°F 
Cp = 0.783 Btu/lbm-°F 
P = 65.96 Ibm/ft' 

U = 5.504 Ibm/hr-ft 

Pr = 19.7 


h^ = 110.2 Btu/hr-ft-°F 

The mass flow rate of 1.0 Ibm/min. results in a fluid temperature rise of 


AT 


_JL 
m Cp 


16 watts X 3.413 

60 Ibm/hr x 0.783 


1.25°F 
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45.7 


MJS-2023-6 
(Tj = 134.8) 


COVER 

WALL 

(1/16-IN; 


COVER PLATE 

-wv 

(1/16-IN) 



50.6 

52.0 

50.7 

50.0 

50.0 

49.7 

49.7 

53.9 

54.8 

.51.8 

51 .0 

50.2 

49.8 

49.7 

• 

• 

• 

• 

• 

• 

• 

51 .2 

51.3 

50.6 

50.1 

49.6 

49.2 

49.1 

• 

• 

• 

• 

• 

• 

• 

48.3 

48.4 

48.3 

48.1 

47.9 

47.7 

47.7 

• 

• 

• 

• 

• 

• 

• 




KLIXON 



46.3 

47.2 

46.9 

46.3 

* 

46.9 

47.0 

46.1 


43.1 

HSG 
WALL 

38.0 (1/8-IN) 

TPS 1 4] ,0 

BONDLINt hsG FLANGE 



■A/W 


MTG PLATE 
(1/8-IN) 


45.7 


TEMPERATURES IN “C 


Figure 8-6. SPACS I Breadboard Temperature Map 



Figure 8-7. SPACS I Heat Exchanger Channel Schematic 
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and, an average fluid temperature of 128.1*F. The channel wall temperature is, 
therefore, 


w 


= T 


fluid, avg. Re A 


128.1 + 


channel 


16x3.413 
no. 2x. 0417 


or. 


= 128. TF + 11.9°F = 140“F (60“C) 

Assuming the same 8.3°C channel wall temperature rise from fluid 
inlet for both heat exchangers, the electronics module mounting flange will 
operate approximately 16.6°C warmer than the TPS bondline. An additional 
me temperature gradient to the MSC 2023-6 transistor case from the finite 
difference model results in junction operating temperatures of 184.6 “C for a 
77°C (170°F) TPS bondline. These component junction temperatures compare 
closely with those for the case of increased housing material thicknesses 
discussed in the previous section (T, = 189®C). The liquid cooling system 

has the advantage, however, of eliminating the requirement for thermostatically 
controlled heaters. As the TPS bondline is cooled to extremely low temperatures, 
the fluid flow could be continuously throttled or pumped in an ON-OFF, duty 
cycle mode as the cooling requirements demand. 


The selection of a suitable coolant is a function of the minimum 
TPS bondline temperature. Freezing or pour points for various coolants range 
from 0°C for water to -122°C for FREON E2. As the coolant temperatures 
approach the freezing point, the resulting increase in dynamic viscosity of 
the liquid requires excessive pumping power requirements. Further analysis 
is required to adequately consider coolant selection, pumping system require- 
ments, heat exchanger configurations, thermostatic controls, and vehicle 
interfaces . 


4. Combined Self-Contained Liquid and Conduction Cooling 

A solid conduction thermal link may be required to couple the 
SPACS I with the TPS bondline for the case of bondline temperatures below the 
pumping limit of the liquid coolant. The low temperature pumping limit for 
cooling oils such as ethylene glycol is determined primarily by the dynamic 
viscosity, p, which increases rapidly as the liquid temperature approaches 
the pour point or freezing point. Since the TPS bondline low temperature 
limit is only -79°C {-110°F) in the lower quadrants, continuous pumping of a 
low temperature coolant such as FREON E2 (F.p. = -122^C) may eliminate the 

need for a solid thermal link. A schematic of the combined mode cooling 
system is shown in Figure 8-8. Indicated in the schematic is a transistor 
junction temperature range of 135°C (maximum) to 80“C for a corresponding 
TPS bondline range from -65°C to -120°C. 

The thermal conduction link resistance of — 1 .07°C/watt is deter- 
mined by the minimum allowable electronics chassis temperature of 0°C, the 
minimum sink temperature of -120°C, and the electronics power of 112 watts. 
Since the antenna circuit board assembly has a large thermal resistance on 
the order of 165°C/watt, 16 watts maximum heater power will be required to 
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maintain 0°C electronics during non-operating periods. It is desirable to 
minimize the heat loss (heater power) through this thermal link during cold 
orbital missions and the heat gained by the SPACS I as the TPS bondline 
approaches 177°C (350°F) during entry. 

5. Re-entry Transient 

The transient response of the SPACS I to re-entry heating is a 
function of the conductive coupling to the TPS bondline and the feasibility 
of using a controlled temperature, inboard heat sink and/or liquid cooling as 
shown in Figure 8-7. Ideally, both systems would be coupled to the bondline 
with only a circulating liquid which could be shut off during re-entry. The 
only heating in the upper quadrants in this case would be conduction heat 
transfer through the antenna circuit board assembly (R a 165°C/w) of approxi- 
mately one watt, since the upper systems are non-operative during re-entry. 

If thermal conduction links are required in conjunction with liquid 
cooling, they will result in increased electronics re-entry temperatures. 

This is not as severe a problem in the upper quadrant systems which must only 
survive storage temperature limits for electrical components and materials. 
However, the lower quadrant systems must operate during re-entry, as in orbit, 
with maximum junction temperatures of 135°C. The TPS temperatures presented 
in Figure 8-1 indicate initial bondline re-entry temperatures of 52°C (125°F). 
Although these temperatures are too high for satisfactory operation of the 
lower quadrant systems, the transient response from these levels may be 
estimated. 


Assuming the electronics assembly may be approximated by a five 
pound lumped mass of aluminum alloy having a specific heat of 0.23 Btu/lbm-®F, 
a temperature rise of 0.052°C/sec will result from the 112 watts of electrical 
power if no active cooling is available. A total temperature rise of 104“C 
would occur at the end of the 2000 second entry period in the lower quadrant 
systems. The temperature rise of the lower quadrant TPS bondline is only 
55°C from approximately 1050 seconds into re-entry to touchdown. These 
transients indicate that an auxiliary heat sink must be provided inboard to 
the vehicle to achieve acceptable electronics temperatures during re-entry 
in the lower quadrant arrays. 

The worst case temperature rise in the upper quadrant systems may 
also be estimated. Assuming a thermal conduction link resistance of 1.07°C/ 
watt and a maximum temperature gradient from 52*=’C (125°F) to 177°C (350°F), 
the electronics heat input is 117 watts. If we assume a five pound lumped 
mass of aluminum alloy for the upper quadrant electronics, the worst case 
temperature rise is 0.054°C/sec. This will result in a total temperature 
rise of 73°C at 1350 seconds into re-entry when the upper TPS bondline peaks 
at 177°C (350'’F). A maximum "storage" temperature of 125°C is indicated 
for the non-operating, upper quadrant systems. If the upper quadrant systems 
are coupled to the TPS bondline with only a circulating liquid coolant, this 
flow might be shut off during re-entry, thus isolating the electronics. 
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6. Aircraft Liquid Cooling 


A circulating liquid coolant system between the electronics modules 
and a heat exchanger located on the airframe appears to offer the only thermal 
control system that will meet all the boundary temperature conditions of the 
SPACS I array. The heat exchangers between the modules and DC manifold in all 
four SPACS I arrays could be coupled to a common airframe heat exchanger. 
Thermal conduction paths from the modules and heat exchanger to the array 
mounting flange would be minimized to isolate the system from temperature 
extremes at the TPS bondline. The high thermal resistance of the PTFE circuit 
boards and nylon-phenolic honeycomb support assembly would minimize heat 

transfer to the TPS at extreme bondline temperatures of -120°C or +177°C. 

♦ 

The allowable temperature range for the liquid coolant at the 
SPACS I heat exchanger inlet is estimated at +32°C to -8°C. This is based 
upon the preliminary heat exchanger analysis presented earlier for a self- 
contained liquid cooling system. A 7.0 Ibm/min. coolant flowrate of 60 - 40 
ethylene glycol-water mixture was assumed for each SPACS I array. The elimina- 
tion of thermal coupling from the heat exchanger to the inboard side of the 
modules through the dust cover wall results in a 15°C gradient to the MSC- 
2023-6 transistor. This 15°C temperature gradient from the transistor case 
(Tease = 55°C maximum) to the module mounting flange in addition to an 
estimated 8®C gradient to the coolant results in the 32°C coolant inlet 
temperature upper limit. A 0°C lower limit for the electronics devices 
located at the module mounting flange sets the -8°C coolant lower temperature 
1 imit. 


The use of an airframe heat sink for the SPACS I arrays would re- 
quire extensive thermal design and analysis. Aircraft interfaces, coolant 
pumping and supply line requirements, and control system dynamics must be 
determined. 

E. SUMMARY 

Several thermal control concepts have been evaluated for the SPACS I 
electronics modules. Results of this study indicate that TPS bondline 
temperature extremes (-120°C to +177°C) must be reduced, or an auxiliary, 
temperature-control led heat sink must be provided inboard for SPACS I 
electronics. This may involve coupling a liquid coolant supply from a remotely 
located heat exchanger. The maximum allowable heat sink temperature at each 
16-watt, module mounting flange is 40°C. A brief listing of the principle 
results of this study are presented in the following summary. 

1. TPS Radiation 

Large thermal conduction resistances in the LI-900, HRSI tile 
prohibit transferring the 112 watts electrical power to the TPS surface. 
Excessive surface areas would be required at the TPS bondline to distribute 
this heat and obtain reasonable HRSI temperature gradients. The equilibrium 
temperature of a "white" thermal control coating exposed to direct solar 
heating is 34”C. This allows only a 21“C gradient from the radiating surface 
to the MSC-2023-6 transistors (Tease ~ 55°C maximum). 


<! 


8-17 


Equipment Group 


2. TPS Bondline 


The 77°C maximum bondline temperature in the lower quadrants is 
excessive if the electronics are conductively coupled to the bondline. Results 
of a finite difference thermal model indicate a maximum bondline temperature 
of 23°C for a transistor junction temperature of 135®C. The low resistance 
conductive coupling required for the "hot" missions results in excessive 
heater power requirements of 18 watts per module for a bondline temperature 
of -120°C. 

3. Liquid Cooling 

A preliminary study of a circulating liquid cooling system between 
the TPS bondline and the electronics modules indicates a 28°C maximum allowable 
bondline temperature. Further study is required to select a suitable coolant 
for the upper and lower quadrants. Low temperature limits at the lower and 
upper TPS bondlines are -79°C (-110°F) and -120°G {-185°F). Liquid freezing 
or pour points range from -54'’C (ethylene-glycol and water) to -122°C (FREON 
E2). The minimum temperature at which a liquid cooling system is usable is 
determined by the pumping power limit. 

4. Solid Conduction Link 

A solid conduction thermal link may be required in parallel with a 
liquid cooling system for thermal control below the low temperature liquid 
pumping limit. Selection of the optimum thermal resistance will eliminate 
the requirement for thermostatically controlled heaters. A 16-watt replace- 
ment heater per module would be required during non-operating periods. 

5. Re-Entry Transients 

Maximum temperature excursions in the non-operating, upper quadrant 
systems is 132°C during re-entry. Bondline temperatures in the lower quadrants 
are too high during re-entry for satisfactory thermal control. 

Decoupling the lower electronics systems from the bondline 
temperature of 55°C will result in an electronics temperature rise of 
104°C as a result of self-heating. Lower bondline temperatures and/or an 
inboard heat sink will be required for satisfactory SPACS electronics operation 
during re-entry. 

6. Aircraft Liquid Cooling System 

Coupling the SPACS I arrays to an aircraft liquid cooling system 
is recommended in order to meet all boundary temperature conditions. A 
liquid coolant temperature range from -8°C to 32°C and mass flowrate of 
7.0 Ibm/min. is estimated for satisfactory electronics operation. Further 
design and analysis is required to specify heat exchangers, coolants, pumping 
systems, and aircraft interfaces. 


8-18 


Equipment Group 



F. RECOMMENDATIONS FOR FURTHER ANALYSIS 

Many problems are associated with the design of spacecraft cooling 
systems. In addition to passive conduction and radiation control technioueSs 
there are fluid flow problems in the active control system required here 
as pressure drop, heat transfer coefficients, fluid pumping requirements> 
tempera ture-time relations, and reliability. Only a preliminary study has 
been attempted here to determine the feasibility of various radiation, c''n- 
duction, and forced convection cooling concepts. It is therefore recomne-ided 
that the following studies be made: 

• Pursue feasibility studies of passive thermal control technioi.t; 
to dissipate SPACS electronics power through the Thermal Prc~ 
tection System (TPS).. 

• Determine if TPS bondline temperature extremes are realistic 
for SPACS I locations. 

• Study interface requirements associated with coupling the 
SPACS I arrays to an aircraft liquid cooling system. 

• Conduct parametric studies to select suitable fluids, heat 
exchangers, and pumping system configurations. 

• Generate a detailed three-dimensional thermal model of the 
SPACS I array for thermal analyzer computer program studies 

of temperature gradients and transients and weight optimization. 

• Study fluid control system dynamics for all steady-state and 
transient environments and operational modes. 

• Design and fabricate a SPACS I array thermal model and exper:- 
mentally verify electronics temperature distributions, requi»-en 
fluid flowrates and boundary temperatures in a vacuum environ- 
ment. 

• Evaluate the use of semi-passive cooling methods for re-entrv 
in which a heat exchanger with a boiling, expendable liquid “ 
(water. Freon 114) is used to cool a recirculating fluid. 
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SECTION IX 


MECHANICAL DESIGN 


A. MODULE MECHANICAL DESIGN 

The SPACS module mechanical design incorporates proven packaging tech- 
niques for light-weight microwave integrated circuit flight hardware. The 
module is designed to operate in a flight and space environment and main- 
tain device junction temperatures at or below 135°C when the thermal mounting 
flange is maintained between 0° to 44°C. Every effort was made to keep the 
module design as close as possible to an actual flight test configuration. 

The mechanical module configuration shown in Figure 9-1 is 3.5 by 4.0 
by 0.65 inches and weighs 0.584 pounds. The module consists of a tin-plated 
aluminum housing which provides mechanical support and heatsinking for the 
transmit and receive circuitry with associated filters and electrical switch- 
ing networks. Three hermetic RF connectors, providing interface connections 
to the transmit and receive manifolds and the antenna array, are soldered to 
the module housing. One 15-pin sub-miniature DC connector provides DC power 
and logic distribution to hermetic feedthroughs soldered in the module 
housing by use of a small wiring harness as shown in Figure 9-2. In a 
flight hardware module this wiring harness would be replaced with a flexible 
printed circuit board. The module housing incorporates a divider wall as 
shown in Figure 9-3 to provide structural support for the cover and, elec- 
trical isolation between the transmit and receive circuitry. Transm'it and 
receive circuits are mounted to individual 0.010-inch thick nickel-clad and 
tin-plated molybdenum carrier plates with 63 Sn/37 Pb solder. The carrier 
plate subassemblies, in turn, are mounted to the module housing using minia- 
ture screws and lock washers. 

The molybdenum carrier plates were chosen for the purpose of minimizing 
the mismatch in the coefficient of thermal expansion between the alumina 
ceramic circuits and the carrier plate material. This prevents excessive 
mechanical stresses from being transferred into the alumina and solder joints 
as the module is temperature cycled. Mounting the carrier plate subassemblies 
to the module using the miniature screws allows the carrier plate subassemblies 
to slide on the surface of the machined housing as the module is temperature 
cycled. This circuit mounting system reduces the stress levels in the alumina 
circuits and attachment joints below the yield strength of the materials, 
thus preventing overstressing of the materials during temperature cycling of 
the module. Also, the carrier plate subassemblies make the module easier to 
assemble and repair. 

The module was hermetically sealed to a leak rate of less than 1 x 10"^ 
atm cc/second by soldering the interlocking cover to the module housing. The 
module cover is also of machined aluminum tin-plated construction. Final 
sealing of the module with an internal inert atmosphere of He/N^. was accom- 
plished with a seal plug as shown in Figure 9-4. ^ 
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Figure 9-1. SPACS I Module Layout Configuration 
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Figure 9-2. 


SPACS I Module D.C. Wiring View 
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Figure 9-3. SPACS I Module and Cover 
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Figure 9-4 


SPACS I Module 


B. SPACS BREADBOARD ARRAY MECHANICAL DESIGN 



The SPACS breadboard array mechanical design simulates a flight model 
array in as many features as could be incorporated within the hardware 
delivery schedule time frame. The mechanical array configuration shown in 
Figure 9-5 is 12.5 inches diameter by 6.0 inches thick and weighs 11.91 
pounds. A detailed component weight breakdown is given in Table 9-1, 

The thermal control system used in the breadboard array is as discussed 
in Section VIII^D-2. The main unit in this type of conduction heat transfer 
system is the heat conduction plate which is shown in Figure 9-6. This 
thermal control system will allow the breadboard array to be operated with 
mounting flange temperatures between -8° and +38°C. 

A cross-sectional view of the breadboard array is shown in Figure 9-7. 
The antenna housing is a single machined aluminum structure containing the 
antenna element cavities, thermal mounting flange, and mounting tie points 
for the manifold structures, spiral antennas and heat conduction plate. The 
balun is a glass fluorocarbon laminate to provide electrical connection and 
transformation from the module to the antenna feeds and is clamped in place 
against the rear face of the antenna housing with an acetal plastic support 
structure. Mounted to the front face of the antenna housing with nylon 
screws is the spiral antenna circuit board containing seven (7) spiral 
antenna patterns terminated with high dielectric material filled epoxy. 
Connection between the balun and spiral antennas is accomplished by a metal 
tube, glass reinforced epoxy and wire twin-lead structure with solder con- 
nections at each end. The transmit and receive manifolds are glass rein- 
forced fluorocarbon stripline structures clamped to the support structure 
plate with a glass manifold. Electrical connections from the module to the 
balun, transmit and receive manifolds are through CON-HEX SMB connectors 
soldered in place on the manifolds and balun. The module mounts to the heat 
conduction plate which is in turn secured to the antenna housing with screws. 
An outer coyer of welded and screwed aluminum sheet metal construction pro- 
vides additional module heatsinking and structural support. The outer 
surfaces of the breadboard array are protected with epoxy paint with the 
exception of the thermal interface flange. 

C. SPACS I PROPOSED FLIGHT MODEL ARRAY MECHANICAL DESIGN 

The SPACS I proposed flight model array mechanical design is a descrip- 
tion of the hardware that would be built to meet all environmental conditions 
expected in an actual space/re-entry vehicle communciations application. 

The array mechanical configuration is shown in Figures 9-8 and 9-9, having 
an overall diameter of 12.50 inches, a thickness of 6.0 inches, and weighing 
15.82 pounds. A detailed individual component weight breakdown is given in 
Table 9-2. 

The thermal control system in the flight model array is as discussed in 
Section VIII-D-6. The major array thermal component in this type of aircraft 
liquid cooling system is the heat exchanger which is shown in Figure 9-10 and 
is supplied with cooling fluid with an inlet temperature of -8®C to + 32“c, 
Insulating materials are used for components between the heat exchanger and 
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Figure 9-5. SPACS I Breadboard Array 



Table. 9-1 


SPACS I Breadboard Array Weight Schedule 

WEIGHT (lbs.) 


Antenna Housing 


3.265 

Spiral Antenna 


.732 

Support Structure 


1.357 

Transmitter Manifold 


.919 

Receiver Manifold 


.902 

Baiun 


.900 

Semi-Rigid Cables 


,098 

Heat Conduction Plate 


1.710 

Outer Cover With Connectors 

1.523 

Misc. And Hardware 


.236 

Plastic Sheet 


.268 


TOTAL 

11 .910 
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Figure 9-6. SPACS I Heat Conduction Plate With Module 
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Table. 9-2 


SPACS I Flight Model Array Weight Schedule 


Antenna Housing 

WEIGHT (lbs.) 
1.607 

Spiral Antenna 

.521 

Baiun 

.900 

Honeycomb Support 

.906 

Transmitter Manifold 

.919 

Receiver Manifold 

.902 

Heat Exchanger 

1.750 

Heat Transfer Fluid 

.245 

7 SPACS Modules (@ .58 lb.) 

4.060 

Triplexer Module 

.500 

Steering Controller 

.500 

DC Manifold 

.900 

Wiring Harness 

.660 

Semi-Rigid Cables 

.098 

Outer Cover With Connectors 

1.352 


TOTAL 15.82 lbs. 
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the antenna housing which is mounted to the aircraft frame that has a temp- 
erature range of -120*^0 to +177°C. 

A cross-sectional view of the flight model array is shown in Figure 9-10. 
The heat exchanger, honeycomb support and antenna housing are the major struc- 
tural components of the design. The antenna housing is a single machined or 
cast aluminum structure containing the antenna element cavities, array mount- 
ing flange and various mounting locations for other array components. The 
balun is a glass reinforced fluorocarbon stripline board providing electrical 
connection and transformation from the module to the antenna feeds and is 
clamped in place against the rear face of the antenna housing with the honey- 
comb support. The honeycomb support is an epoxy bonded glass reinforced 
phenolic structure containing bonded-in-metal inserts for mounting screws. 

The spiral antenna is a double-sided glass reinforced flurocarbon circuit 
board with seven spiral antenna patterns on the outer surface and a ground 
plane, pattern to mate with the antenna housing on the inner surface. The 
outer turns of each spiral antenna pattern are terminated in an epoxy resis- 
tive load material and the complete spiral antenna is epoxy bonded and 
screwed to the antenna housing. Connection between the balun and spiral 
antenna is accomplished by a metal tube, glass reinforced epoxy and wire 
twin-lead structure with solder and/or welded joints at each end. The 
antenna cavity voids are filled with low-dielectric foam for mechanical 
support of the spiral antenna and thermal insulation of the array from the 
temperature extremes present at the spiral antenna/aircraft interface. 

The transmit and receive manifolds are glass reinforced fluorocarbon 
stripline structures that are clamped and screwed to the honeycomb support. 

The DC manifold is a multilayer glass reinforced epoxy circuit board that is 
clamped and screwed to the heat exchanger. Electrical connections from the 
module to the balun, transmit and receive manifolds are through slide on SMB 
connectors soldered in place on the manifolds and balun. Electrical con- 
nection from the module to the DC manifold is through a multi-pin sub-minia- 
ture connector soldered and bonded to the DC manifold. The heat exchanger is 
a machined or cast aluminum structure with an epoxy bonded face plate. The 
modules mount to the heat exchanger which is in turn screwed to the honey- 
comb support with screws. An outer molded cover of glass reinforced epoxy 
laminate with voids filled with structural foam, provides thermal insulation 
and structural support to the array and modules. The exterior surfaces of 
the flight model array are protected with epoxy paint. 


9-14 


Equipment Group 




Figure 9-10. SPACS I Flight Model Cross-Section 
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SECTION X , 

COORDINATE CONVERTER AND DC POWER CONDITIONING CONCEPTS 


A detailed design of the central coordinate converter and DC power con- 
ditioning equipment was not done under this contract. Too many unknowns 
about the central on-board computer and antenna array existed during this 
contract. The basic concepts of the Coordinate Converter and DC power con- 
ditioning equipment are described below. 

A. CENTRAL COORDINATE CONVERTER 

The central coordinate converter would receive the appropriate scan 
angle command from the central computer in addition to which antenna array 
was being selected. The coordinate converter would then perform the required 
rotations and transformations to reference the scan angle commands to the 
boresight of each array aperture. Thus each antenna array will be identical 
and the same steering logic command will scan each array to the same position 
off boresight. The coordinate converter with commands from central computer 
will provide the appropriate coordinate interface to drive the selected 
array. 

The coordinate converter unit and the DC power conditioning equipment 
will both be located physically in the central electronics compartment of 
the vehicle. Shielded lines will be run for dach signal from the central 
electronics compartment to each of the four arrays. These need to be 
shielded lines to keep unwanted noise and transient voltages from being 
picked up on these input signals. Without good shielding, array performance 
would be degraded. 

B. DC POWER CONDITIONER 

The antenna array requires 22, 12, and 5 volts regulated DC power for 
its amplifiers and logic functions; the power conditioner will derive these 
voltages from the spacecraft 28 volts DC bus. The power conditioner outputs 
will be DC isolated from the spacecraft DC bus so that the 5, 12, and 22 
volt outputs can be grounded to the spacecraft chasis. 

The DC power conditioner will consist of a transistor chopper driving 
a power transformer which has 5, 12, and 22 volt secondary windings. Regu- 
lation is achieved by pulse-width modulating the chopper. The power con- 
ditioner is based on a similar design used by T.exas Instruments in another 
airborne electronics unit, and the efficiency predictions are based on 
this experience. The existing design uses a 15 KHz switching frequency, 
but switching frequencies of 10 KHz or 20 KHz could also be easily in- 
corporated should the need arise. 

On switching regulators such as. this, adequate filtering is required 
to prevent AM and PM modulation of the RF circuitry {amplifiers and phase 
shifters). Especially important is to adequately (70 dB) filter the 
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switching frequency modulation off the DC output lines. 

T outputs from the power conditioner to one antenna array are 

listed below; ^ 


a. +22 volts regulated ±2% at 6.5 amps 

b. +12 volts regulated +2% at 0.40 amps 

c. +5 volts regulated + 5% at 0.92 amps 

d. Regulated Return (DC ground) 


* total pc input power to one array of approximately 152 watts for 
5 circuitry in the antenna array. In addition, approximately 
5 watts of pc power is required from +5 volt line for the coordinate con- 

app'-oximately 157 watts of power from the power 


There are three principal requirements governing the design of the 

??aft ^•so atinn f”""™ available power limit of 200 watts from the space- 

™itaoe ?aIoe o? 25 °I PPP'-a‘<PP fo™ ae input 

voltage range of 25 V to 31 V from the spacecraft. Additional reouirement*; 

are over-current and over-voltage protection. The isolatirreSS 

necessitates the need for a "chopper" type supply rectifier The inout 

voltage variation from the spacecraft requires^L neer^or sole ty^ 

regulatory circuitry but the requirement for maximum efficiency precludes 

the use of a dissipative series type regulator. After many tr^Coffs and 

achiLina^b^t^fln?^?-’ determined that the most efficient means of 

achieving both isolation and regulation was to incorporate the regulation 

circuury within the chopper itself. This is accomplished by pulse width 
modulating the chopper drive in a “switching regulator" mode. A feedback 

loop from one of the windings in the transformer secondary provides the 
voltage reference for the regulator circuitry. provioes tne 

and ^ approach to Texas Instruments, 

frared supply in many Forward Looking In- 

rared (FUR) models built by Texas Instruments. The estimated efficiencv 

cSnsultatfon'^with the n conditioning equipment was derived from 

and exJeJtiL engineers - drawing upon their previous experience 

supply efficiency is expected to be 80% 
u,‘^u thi equipment should be approximately 10.5 lbs. 

0.8 
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SECTION XI 


SUMMARY AND CONCLUSIONS 


A. INTRODUCTION 

This section summarizes the March 1975 status of the phased array devel- 
ment work for NASA Johnson Space Center under contract number NAS9-14196 by 
Texas Instruments. The example array application is the Space Shuttle 
Orbiter. The phased array development is known by the acronym SPACS which 
stands for S-band phased array communication system. SPACS was developed as 
a research program to improve the operation of the TDRSS to orbiter link and 
provide data with which to compare the baseline system. If adopted it would 
be a part of the S-band network equipment. 

The S-band communication system on the Space Shuttle is intended for 
communication of voice and data between the Shuttle and TDRSS (relay) satel- 
lite. A pictorial of this application is shown in Figure 11-1. 

B. COMMUNICATION LINK CALCULATIONS 

Based upon NASA inputs, the baseline (omni antenna array) shuttle com- 
munication link systems values were used to compare to the SPACS I parameters 
to determine the improvements in link performance by using a SPACS I type 
phased array (seven-element). 

In Table 11-1 a link budget for the TDRSS-Orbiter and Orbi ter-TDRSS 
links is shown. With the current baseline two alternatives exist. 

I Operation with negative margin with resultant degradation using 
baseline information rates 

• Operation at lower rates 

The other alternative is to achieve the required carrier to noise 
spectral density by employing a phased array. In addition, the higher gain 
of the array can alleviate the need for mobile tracking stations on launch to 
avoid transmitting through the plume. 

Shown in Table 11-2 is an abbreviated description of the SPACS perfor- 
mance based on SPACS I measurements. Unlike a mechanically scanned antenna, 
the gain of an electronically scanned antenna varies with scan. The values of 
the figures of merit employed, EIRP and Gain Noise Temperature Figure contain 
this variation and are stated as worst case values at the edge of coverage as 
well as at the broadside. Gains and module power outputs used in Table 11-2 
were measured in February 1975 at Texas Instruments. 

The steering of each array is performed at the command of the central 
computer. These commands are fed to the power conditioner/coordinate 
converter which routes steering commands to the correct array as well as DC 
power. 
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SATELLITE 



Figure 11-1, Pictorial of S-Band Communication Between NASA 
Space Shuttle and TDRSS Satellite 
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Table 11-1. Baseline (Omni Antenna) Shuttle Communications Link Calculations 


I 


TDRSS-Orbiter 


Normal Mode (72KBPS) 


TDRSS EIRP (dBW) 

47.0 

Transmission Losses (dB) 

-191.9 

Receive Antenna Gain (dB) 

3.0 

Receive Circuit Loss (dB) 

- 4.9 

Signal Power 0 Receiver (dBW) 

-146.8 

Noise Temperature (dB°K) 

27.1 

Boltzmann's Constant (dBW/°KHz) 

-201.5 

C/No (dB-Hz) 

54.7 

Bit Rate (dB-Hz) 

48.6 

S/N (dB) 

6.1 

Eb/No For BER 10““ (dB) 

8.4 

Coding Gain (dB) 

4.5 

Misc. Losses (dB) 

- 3.5 

Required Eb/No (dB) 

7.4 

Margin (dB) 

- 1.3 

Note: Voice Mode Margin 0.3 dB, 


Low Rate Mode Margin 1.6 

dB 

Space Loss Calculated at 

2106.4 MHz 

and 22,786 Nmi 



Orbi ter-TDRSS 
Normal Mode (192KBPS) 


Orbi ter Transmitter Power (dBW) 

20.5 

Orbiter Transmit Circuit Losses 

(dB) - 7.5 

Orbiter Antenna Gain (dB) 

3.0 

Orbiter EIRP (dBW) 

16.0 

Transmission Losses 

-T53T 

TDRSS Antenna Gain 

36.0 

Signal Power @ Receiver (dBW) 

-141.1 

C/No dB-Hz 

59.8 

Bit Rate (dB-Hz) 

52.8 

S/N (dB) 

7.0 

Eb/No For BER 10““ (dB) 

8.4 

Coding Gain (dB) 

4.5 

Misc. Losses (dB) 

- 3.5 

Required Eb/No (dB) 

7.4 

Margin (dB) 

- 0.4 

Note: Low Rate Mode Margin 2.6 

dB, 

Space Loss Calculated at 
and 22,786 Nmi 

2287.5 MHz 


Baseline System 
(Worst Case Analysis) 


Table 11-2. Summary of SPACS I System Performance 


7 Element S-Band Antennas Spaced at 90° Intervals About The 
Spacecraft (Four) 

Minimum EIRP over a 100 X 140 cone is 19.5 dBw 
Maximum EIRP at broadside is 25.5 dBw 
Input power level 30 dBm at switch input (1 watt) 
Minimum gain/noise temperature over a 100 X 140 
cone is -21.7 dB/°K 

Maximum gain/noise temperature at broadside is 
-15.7 dB/°K 

Receive electronic gain 25 dB 
DC power 196 watts (22-30 volts) 

Weight 16.0 pounds each array (four arrays) 

Transmit frequencies 2217.5 and 2287.5 MHz 
Receive frequencies 2041.9, 2106.4 MHz 

1775.9, 1831.8 MHz 
Dimensions 10.68" diameter X 6" height 

Power Conditioner/Coordinate Converter 

Provides conditioned DC voltages to each array 
Converts pointing angles for the system into 
array angles for correct phasing of modules 


S-BAND PHASED ARRAY COMMUNICATION SYSTEM (SPACS I) 
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The comparison between SPACS and the baseline system is summarized below 
for the normal worst case mode. 



BASELINE 

SPACS 


MARGIN 

MARGIN 

TDRSS-TO-ORBITER 

-1.3 dB 

9 dB 

ORBITER-TO-TDRSS 

-0.4 dB 

3.1 dB 


The S-band subsystem consists of four arrays located as shown on the 
orbiter in Figure 11-2. The SPACS I arrays would replace the omni antennas 
which are currently located here. Structural provision has already been made 
to accommodate a larger antenna into the vehicle skin. Provision for cables 
to control the pointing of the array has also been accomplished. 

A block diagram of the conventional baseline S-band equipment is shown 
at lower left of Figure 11-2. Each array is a one for one replacement for 
the four leftmost omni antennas. If SPACS I were employed the preamplifier 
and power atpplifier would be deleted from this diagram and replaced by an 
assembly which supplies each antenna with conditioning and logic circuitry 
which directs the antennas beams. A diplexer is also contained in the 
replacement assembly since this function is currently performed in the pre- 
amplifier assembly. 

The major comparison between SPACS I and the baseline omni system is 
shown in Table 11-3. SPACS I shows a clear 10 dB advantage over the baseline 
on the TORSS-Orbiter 1 ink and a 3.5 dB performance advantage on the Orbiter- 
TDRSS link. Weight is about equivalent and a substantial power savings results 
with SPACS I. Since considerable interest exists in a 12 element array, a 
column is included here for comparison purposes. 

Shown in Table 11-4 is the performance of an alternative configuration, 
a seven and twelve element passive array versus SPACS I. The passive array 
contains only phasors behind each element. Filtering is employed to retain 
the single element omni antenna configuration at L-band. Gains shown are 
stated at the extremities of the 100 X 140 degree cone of coverage. 

The SPACS I array shows a 7.8 dB advantage over the passive array for 
comparable numbers of elements for the TDRSS to orbiter link and retains a 
3.5 to 5.5 dB advantage over the passive array on the orbiter to TDRSS link. 

C. BREADBOARD SPACS I ARRAY 

Photographs of the SPACS I breadboard array are shown in the following 
photographs. The antenna, RF manifolds, and outer Transmit/Receive module 
have been tested under this contract and this data has already been reported 
in previous sections. Shown in Figure 11-3 is the breadboard array front 
view from the antenna element side. The entire front face is coated with 
white epoxy radome paint for moisture protection. Shown in Figure 11-4 is 
a side view of the complete array. The DC and RF connectors are shown. This 
array is mounted flush against the vehicle thermal protection skin. The 
mounting ring shown connects to a array support structure in the vehicle. 
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Table 11-3. Major Parameters - Active Array (SPACS I) Versus Baseline System 


Baseline 


Gain/Noise Temperature -32 dB°K 

16.9 dBW 

Weight* 75 po,,js 

DC Power 415 watts 


SPACS (7 Element' 


-21.7 dB°K 
19.5 dBW 


80 Pounds 
196 Watts 


SPACS fl2 Element' 


-19.4 dB°K 
24.1 dBW 
100 Pounds 
320 Watts 


*"’'9h la required by 
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Table 11-4. Active Versus Passive Array Performance 


Active Array (SPACS I) Passive Array (Alternate Scheme) 


Receive 

Performance 

7 Elements 

12 Elements 

Recei ve 
Performance 

7 Elements 

12 Elements 

Receive Gain 

5.5 dB 

7.8 dB 

Receive Gain 

5.5 dB 

7.8 dB 

Noise Temperature 

27.2 dB°K 

27.2 dB°K 

Phasor/Combi ner Loss 

-3.0 dB 

-3.0 dB 

G/T 

-21.7 dB/*K 

-19.3 dBrK 

Cable & Switch Loss 

-4.9 dB 

-4.9 dB 




Preamp Temperature 

27.1 dB°K 

27.1 dB'’K 





-29.5 dB/“K 

-27.2 dB/*K 

Transmit 

Performance 



Transmit 

Performance 



Transmit Gain 

6.0 dB 

8.3 dB 

Transmit Gain 

6.0 dB 

8.3 dB 

Transmit Power 
(3.2 Watts/Module) 

13.5 BW 

15.8 BW 

Phasor/Combi ner Loss 

-3.0 dB 

-3.0 dB 


19.5 dBW 

24.1 dBW 

Cable/Switch Loss 

-7.5 dB 

-7,5 dB 




Power Amplifier Output 

20.5 dBW 

20.5 dBW 


16.0 dBW 18.3 dBW 
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Figure 11-3. Breadboard Array (Front View) Antenna Side 
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Figure 11-4. Breadboard Array Side View 


Shown in Figure 11-5 is a view of the array with dust cover and cables 
removed. The heat sink plate and manifold connectors are shown. In an 
actual flight model a heat exchanger will be mounted under the thermal plate 
below the modules and be an integral part of the thermal plate. Figure 11-6 
shows the backside of the array with end plate removed. The cables, con- 
nectors, and module are shown in place. Shown in Figure 11-7 is a back view 
of array with the end plate in place. This end plate is used as a dust cover 
and a module support in the lateral direction. 

D. RISK AREAS AND IMPROVEMENTS 

The only possible risk areas for a SPACS I type array is in the areas of 
thermal environment and vibration specifications. Under the present thermal 
boundary conditions defined for the array under this contract, a low volume 
liquid loop is required from the vehicle to cool and heat the array to keep 
it in its required temperature range. With this liquid loop, all worst case 
missions can be met. Should it not be possible to supply a liquid loop, 
several worst case hot temperature conditions could not be met but the 
majority of normal (nominal) flight missions could be met using an array 
self-contained liquid loop mounted to the bondline of the aircraft. 

Further thermal definition and study should be conducted in coordination 
with NASA thermal designers to work out all boundary conditions and thermal 
design methods. The thermal liquid loop is not a great risk, but more design 
work needs to be done to complete all design details and control methods. 

The vibration requirements during reentry and launch could be a problem 
depending upon the level of vibration and axis of vibration. The present 
SPACS I array is designed for use in fighter type aircraft (MIL-E-5400 vibra- 
tion specifications). Further study, definition and design needs to be done 
to ensure the SPACS flight model would meet all NASA Shuttle vibration require- 
ments. This does not appear to be a real risk area. 

Numerous improvements on the SPACS I breadboard unit can be made to 
further improve its mechanical, electrical and reliability performance. It 
was not the intent of this research contract to build a flight qualified 
piece of hardware. Some of the areas for future improvements are reduced 
system weight, lower system power (higher efficiencies in module), lower 
system noise temperature, and increased antenna gain. With further work, all 
of these areas can be improved. 

E. SUMMARY 

The initial work on this development was formulated in the fall of 1973 
during a technical discussion at NASA Johnson Space Center. The contract 
known as SPACS I, NAS9-14196 was initiated in early summer of 1974 for 
development of the antenna, feed networks and prototype module. In early 1975 
subsequent scope was added which called for the construction of additional 
modules. That additional scope is shown in the schedule in Table 11-5, 

The development of the SPACS array is an outgrowth of the technology 
developed for NASA MSFC under contract number NAS8-25847 by Texas Instruments 
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Figure 11-5. Breadboard Array (Dust Cover Removed) 
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Figure 11-6. Breadboard Array (Back View) - End Plate Removed 
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Table 11-5. SPACS Schedule 


CURRENT STATUS (12 March 1975) 
SPACS I Program 


Developed and Tested 

7 Element Antenna 
RF Feed Networks 
Prototype Module 

In Preparation 

Final Report 


SPACS II Program 


Deliverable Items 

Development and Delivery 
Development of a DC Feed 

Schedule 

Contract Received 
Receive all parts 
Complete Module Assembly 
Complete DC Feed Network 
Complete Boresight Test 
Final Report 


of 6 additional modules 
Network 


- 3 January 1975 

- 15 April 1975 

and Test - 15 May 1975 

- 15 May 1975 

- 15 June 1975 

- 2 July 1975 
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and the hardware under this MSFC contract was utilized to the maximum extent 
possible. 

This SPACS I program was very successful and the majority of all design 
goals were met. The system design outlined and detailed in this final report 
appears to be a very competitive approach for the S-band communication system 
for the Space Shuttle. In a great many areas, the SPACS system offers 
significant advantages over omni and passive phased array systems. 

The areas to be developed in the future are (1) a triplexer module, 

(2) a steering (logic) controller and (3) DC power conditioner and coordinate 
converter unit. Texas Instruments will welcome the opportunity to expand the 
technical foundation laid in this effort. We are confident that continued 
development of the type of spacecraft antenna array described herein will 
lead to a very useful flight subsystem applicable to a number of spacecraft 
uses including (1) Space Shuttle, (2) Space Tug and (3) Shuttle Payload 
Experiments . 
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SPAC5 I TESTING 


I. INTRODUCTION 

The purpose of this document is to describe the test procedure for the SPACS 
seven element square spiral array for its radiation characteristics, A 
drawing of the array is shown in figure 1. The array is mounted in a large 
curved ground plane shown in figure 2. 

II. PATTERN TESTS 

For purposes of obtaining antenna patterns the equipment will be arranged as 
shown in the block diagram in figure 3. Data will be taken using a rotating 
linearly polarized transmitting horn in order to display axial ratio. 

Table 1 gives the planes of cut and frequencies of the patterns to be measured. 
The geometry defining (i> is shown in figure 4. These patterns allow one to 
obtain sidelobe, beamwidth, and axial ratio information. Additionally, the 
central element patterns will form the basis for calculating additional 
scanned array patterns. 

III. GAIN TESTS 

In order to measure gain the same equipment arrangement shown in figure 3 will 
be used with one exception. Since a comparison with a standard gain horn is 
necessary we modify the arrangement as shown in figure 5. The RF switch will 
be calibrated on an HP network analyzer over the SPACS I frequency bands. 

Since the standard gain horn (SGH) will be mounted on the rear of the ground 
plane, one need only switch the RF and rotate the positioner 180'’ in order 
to obtain a comparison. Since the gain of the SGH is greater than the SPACS 
array, linearity in the RF and IF sections should be checked while receiving 
with the SGH. These linearity checks shall be recorded. Table 2 gives the 
frequencies at which measurements will be made. Frequencies in addition to 
the edge frequencies of the bands are required to insure that the measurement 
is good and that the array has no undue frequency sensitivity due to some 
mechanical defect. Since there are two separate manifolds - one for transmit 
and one for receive - one must specify the manifold with which measurements 
will be made. The manifolds will be characterized by separate measurements 
on the HP network analyzer. Table 2 also includes all the necessary data 
reduction for calculating the gain. In this instance, the gain is referred 
to a matched circularly polarized isotropic source. This gain is related to 
the axial ratio and linear gain via 

®cp ^ ^linear * C^Ue. Uss 


where 

where 


,-a/20 


’ ^linear “ Sgh ‘ '^dB 


a = axial ratio in dB b = 10 
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Here maximum envelope of the rotating linear 

polarization, a is the difference between the maximum and minimum envelopes. 
The terminology is explained more clearly in figure 6. Note that in addition 
to gain vs. frequency data obtained from Table 2 , we also obtain axial ratio 
vs. frequency. Note that for the scanned patterns, two rows are allowed for 
data. One row is for peak of beam data. The other is for data at exactly 
70“ or 50"’, which ever is appropriate. 

COMPARISON OF EXPERIMENT WITH SPECIFICATIONS 

The electrical specifications which SPACS I must meet are shown in Table 3. 
The, measured data is obtainable from sections II and III. This data will be 
entered into Table 3 for comparison purposes. 
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FIGURE 3. EQUIPMENT ARRANGEMENT FOR PATTERN TESTS 












ORIGINAL PAGE IS 
OF POOR QUALIIY 


TRANSMIT 

ANTENNA 


COUPLER 



FREQUENCY 

COUNTER 


^ VARIABLE 
ATTENUATOR 


L&S BAND 
CW SOURCE 


STANDARD GAIN HORN | 

/{MOUNTED ON BACK OF GROUND PLANE) 


SPACs' I 
ANTENNA ARRAY 


RF SWITCH 


PAD 

T^dB 


L.O.» MIXER 



FIGURE 5. GAIN MEASUREMENTS 



SIZE 

A 

CODE IDENT NO 

96214 

ISCALE 

REV 


SKDDIOI 



MAXIMUM 

ENVELOPE 


9 < linear 



FIGURE 6. GAIN MEASUREMENT TERMINOLOGY 





STEERING CABLES 

/ Bore sight 
Boresight 
Bores ight 
Boresight 
< Boresight 

( Boresight 
Boresight 
Boresight 

1 70® Scan 
70® Scan 
70° Scan 
70° Scan 

50° Scan 
50° Scan 
50° Scan 
I 50° Scan 


FREQUENCY 

2041.9 MHz 

2041.9 

2106.4 

2106.4 

2217.5 

2217.5 

2287.5 
2287.5 

2041 .9 MHz 

2106.4 

2217.5 

2287.5 

2041.9 MHz 

2106.4 

2217.5 

2287.5 

1775.5 MHz 
1775.5 
1831.8 

1831.8 

2041.9 
2041.9 
2106.4 

2106.4 

2217.5 

2217.5 

2287.5 
2287.5 


PLANE OF CUT 


ARRAY OR CENTRAL 
ELEMENT 


0° 

Array 

0 

o 

Array 

0° 

Array 

o 

o 

Array 

0® 

Array 

90° 

Array 

0® 

Array 

90° 

Array 

0° 

Array 

0° 

Array 

0® 

Array 

0® 

Array 

90® 

Array 

90° 

Array 

o 

0 

Array 

90° 

Array 

0° 

Central Element 

90° 

Central Element 

0° 

Central Element 

o 

o 

Central Element 

0° 

Central Element 

90° 

Central Element 

0° 

Central Element 

o 

o 

Central Element 

0° 

Central Element 

o 

o 

Central Element 

0° 

Central Element 

90° 

Central Element 


TOTAL PATTERNS = 28 


Table 1. Pattern Tests 



SiZE 

CODE IDENT NO 


A 

96214 

SKDDIOI 

SCALE 

REV 

J L 

SHEET \ Q 



ORIGINAL PAGE IS 
OF POOR QUALITY 






























































OKlGUslAL PAGE IS 
OF POOR QUALTIY 



















































Experiment 


Comment 


Table 3. Spedflcati 


Specification 

Minimum broadside 
receive gain, 11.5 dB 


Minimum 60'" scan 
receive gain, 5.5 dB 


Extrapolated from 
0° and 70° 


Minimum broadside 
transmit gain, 12 dB 


Minimum 70" scan 
transmit gain, • dB 
4.S 


Beamwidth (nominal) 
40" 


Experiment will 
record minimum and 
maximum beamwidths 
in receive and 
transmit for <j)=0° 
and OO"" from broad- 
side steering. 


Minimum L-band gain, 
(boresight) , H dB 

O 


Central Element 
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SPACS I - TRANSMIT/RECEIVE MODULE TESTING 


INTRODUCTION 

The pur^se of this docun«ent is to describe the test procedure for the SPACS 

"«asured data is to be com- 

NAsl^lJfge P^'-ameters as defined by paragraph 3.2. 3.2 of the cSnJ^^act 

MODULE TRANSMITTER TESTS 

The transmitter side of the module will be tested using a Hewlett-Packard 
Automatic Network Analyzer (ANA) Model 8542A modified for high power ^ 
njeasurements Ths measure«nt will be controlled by e tLs InstJSJents 

will be the transmitter side of the SPACS I breadboard module. 

In addition to the data shown by the printout of Figure 2, current on each 
of the power supply lines (+5V, +12V, and +22 volts) will be recorded from 
VOM readings at the minimum (0») phase setting for each power 1 evil An 

I able I. The data will be taken at room temperature (25°C) only. 

MODULE RECEIVER TESTS 

The receiver side of the module will be tested using a Hewlett-Packard 
Automatic Network Analyzer (ANA) model 8542A under small sign^ conditions 
The measurement will be controlled by a HP softwareTrogram ^0^ 

This measurement will use the same test setup as shown in Figure 1 with the 
exception of substitution of the HP 8746 Test Unit for the HP 8745 Test Unit. 

An example printout of the type of data measured is shown fay Figure 3 The 

1‘i‘ Ahown by the printout of Figure 3, current on the 

reading t^® minimum (0 ) phase setting. Power input to the antenna 
=7???°'' «*".!>«, -AO Aft" « tnsure thSt the re«l“7 

pli ler IS being operated in its linear (uncompressed) region. 

T]blfir'"ThfL?rin? ^'’® in the Appendix labeled 

laDie II. The data will be taken at room temperature (25"^C) only. 
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RECEIVER NOISE FIGURE MEASUREMENT 

The receiver side of the module will be tested using an AIL Model 75 
Automatic Noise Figure Meter and an AIL Model 7010 Noise Generator. This 
will be a manual test using a calibrated test setup as shown in Figure 4. 

This noise figure data will be recorded on the data sheet in the Appendix 
labeled Table III. The data will be taken at room temperature (25“C) only 
This data will be compared to module design goal of 4.87 dB noise figure; 
the maximum module noise figure requirement is 5.33 dB. 

RECEIVER COMPRESSION POINT MEASUREMENT 

The compression characteristic of the receiver will be tested using a 
manual calibrated setup as shown in Figure 5. 

The 1 dB compression point will be measured and recorded for each of the 
frequencies shown in Table III of the Appendix. This compression data 
will be compared to the module requirement of +10 dBm at 1 dB compression 
point. ^ 

MODULE DUPLEX OPERATION TEST 

The duplex operation of the module will be checked by operating the 
transmitter-antenna connector output into a 1.5:1 VSWR load and looking at 
the output level of transmitter signal coming from the receiver connector. 
This measurement will be made with a spectrum analyzer as shown in Figure 6, 

The 1.5 VSWR load will similate the antenna reflection. This measured 
transmitter leakage level should be below the receiver 1 dB compression 
point at the transmitter frequency. (Thus, below +10 dBm output level). 

This data will also be recorded in Table III. 
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Table I. Recorded Transmitter Data 
(Room Tempera turifc Only,) 

Input Power Level = +lj» dBm 


Commanded 

Frequency Phase Setting 
HHz Degrees 

2217.5 0 


2252.5 


2287.5 


Measured 
Phase Setting 
Degrees !, 

- 21.1 

-isn 

-I10.S 

' \i‘^s 0’> '\ 

t,S.6 

-Hm.7 (O) 

1D0.3 
52 ."7 
-2.3 

-9s.2> 

-131.4 

i 

3.3 (^) \ 

-3o.3 ("y-- /)! 

‘2>ur? fiTJ7,/^ 

5a.2 


Input 

....VSWR..... 

U25 

1.27 a 
\.to4 
\»0(»G 

i ."ZoCs 

1.05/,, 

1.132 

2.038 

MSM 

; 

I.2HI i 

1.132. i 
i.sn 

2,28i 

2.ZS3 

1.1^0 

1.583 

i-7 lO 

1 .3o(> 

1.1H4 


Power 
Output 
d9fl] 

2S.01 

35.00 

35.55 

33.55 
ZS.lz 
3611 

3t.lG 
3G.S1 
3t.35 1 
3 (.33 j 
3(,.27 I 
34>3‘7j 

3b. n I 
35.05 I 

3^.57 

35,9/ 

35.17 

35.2^ 

3So5 

35. ^7 
35.16 


I 

93.3 \ 

3331 I, 

^3.55 
23.53 1,3^ 

23.16 
23.11 

2962 I 5 , 

29.16 

2S.m 1 
99.35 
2") .33 

293'^ I 

2s’.n I 


a 2 . 5 i 

2 3 . 'll 1 1]2V 

Z3.n I 

23/24 I hzv 
23. &S 
23.81 
23 . )4 


* Current measured at 0° phase setting only. 
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Tabltj I. Transmitter Data Continued 
(Room Temperatwre) 

Input Power Level = +13 dBm 


Commanded Measured 
Frequency Phase Setting Phase Setting 
MHz Degrees Degrees 


I wn Co) 

|-2u.U 

,+-(On\^ (/1/4 
rn^i3 0^^^) 

I 

j 

f 0) i 

! 131.^ 

! 

I - Qpi^\ 

\ C 2 .c 9 . 2 S 

i- 3 s 

\ i 

:-2.^ 

j -^1 

N;-L| (i/6j 

^ 3 S o 

^l^,\(l//.7)\ 


Input 

VSW R 

f,So4 

1,033 

1.533 

I '333 
1 .01 ■« 
1 .3'^! 
1'180 


>'H3« 

I '3^5 

1 . 334 , 

I . I (3 S 

l.Obl j 


i''lo6i 

t 

^‘OZl j 

2.077 

1 . 03 c. I 

\MZX) 

V.158 


Power 

Outout 

db 


3^'I5 23.15 i J 

^S,% 27, ' 
35 , 9 ^ 33. S3 
35,3)' ^3.81 

,35.59 f, 

35,57 2Z.57I ' 
35.31 22. S I 

^'■^7 ^ 22^77 


23.7 \ ^5V 

■ 2 3«(32 

235S 

28.97 ^22'J 

53,4.^ 

23 , S'! 

23.3Z 

23.02 I 5 V 

22 . 9-7 

22.33 ii2V 
?2>9^4, 
22.15 ^2Z\t. 


SG'lf 
3b. 4Z 
3(^.-M . 
2>4>'53 I 
3 ^. ^7 I 

^7/ 

<cu 

3 C,,'^ I 

3s.32 

( 

34,,c2, 
3S,9‘7 
3 .31 
ss. 9 ,:, 
35.75 

35.5'! 

34.?c| 




Current measured at 0° phase setting only. 
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Tab|« I. Transmi tter Data Continued 
(Room Temperature) 

Input Power Lc/el = +14 dBm 


Commanded 
Frequency Phase Setting 
MHz Degrees 


2252.5 


2287.5 i 


I Measured 
j Phase Setting 
I Degrees 

U 1 oi.s(nz./) 

I J 

1 


-nMn (o) i 

i^-Vl 

sz,:i,(/?2)\ 

It 0. ip 0^9:n). 

; -s.®) fo) \ 
I -\'i>\A(nS'4 

I \'izr} c,po^^)\ 

I hi >1 (l!&. ^)i 

, 9^.ia(26^S)l 

Ms>uy^p-4 


Input 
VSW R 

l.H&l 

\.sh5 

1.537 

I . 

l'3lp 
\.^l^ 
1,3^4 
\.3Zi I 

I 

I 

I.MZS i 
I.HbO 1 
l.2o^ I 
13o3 ; 

|.oZ<f I 

1'133 I 

i 

i-MH I 

i, 

\.tis I 
i.b6'i i 
1.153 I 
1.310 I 
l'3o2. 1 

1>3Gd I 

1.25/ I 

I .^zci ! 


Power 

Output Gain 

d6m dB 

'55.41 '2 1 .=fl 
35. &3 21.33 
35.3^ 21.74 
35.^>1 

3S.S0 2 ],^C> 

3S.m 2 1.4Z 
3 5 34 21, 54 
35*4! ^ ♦ 4 1 


34.441 22.44 

34.4-?! 22 . {,1 


Power Supply* 
Currents 
mA 

'l2V “ — — 

,.... = 9/.T 


3,G.4'7 i ■Z'2.4') 

Sts, I 22 1st 

34.Sb| ^2 Sc 
34 .S 3 I 22,5^ 
34.^0! ^'^>50 
3h.Zij\ ^2.34 

2 >hS I 

3t:rci 22-''i I 

34.34 *22<34» 

24.2<| 22,21) I 
2a.n 
3s, n j 2 

I Z2,23 

34 .nl 22. 17 


9J 

'?Z0 


* Cjrrent measured at 0" phase setting only. 
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Table II. Recorded Receiver Phase and Gain Data 
’ (Room Temperature Only) 

Input Power Level = -40 dBm 


Commanded Measured 1 
Frequency Phase Setting Phase Setting j Input 
MHz Degrees . j __ D^egrees_ _] VSWR 

I f 

2030.9 0 i -M”). (O) ! P oift< 


5.^0? L I 

3S.2. 

2.121 i^-42 

\/is.y(/n7j - 7 ^. 94 ^ 

\^C.3 2, \3¥-,S‘^ 


I Time | Pc 

Gain Delay ! 

dG nsec i 

j 

'2-5.MO I 

! \4,ao; I]2V 

7^.944 ; /4,y/ I 

'■ 4 ^. 1 / S.Z^^? ; 

?4Z 5-^ I ,-.5-. f i 

? .> j ./ jr // 7 i 


2041.9 


-103.1 3.053 

\ LiH »*4- I'" ■ 3 'O'J-to 

u^. ('--■'^) 1, 
ri.¥ IrVl 

S^.9- 2.^63 T 

-7 A 7 I'ni), 2.7 7 


i.Ool S4-'^^ I 

3^£^ I 

3 <02_to 7) ! 

1, _ P_j- j 

i . a ' ' 7 1- -V. i j 

U33' 3i^ri j 


2 . 77 


r (3 !0.Z’ 


\39.s^ 


I 

I 

I \1-3M 

I 

\ 7v. 32 / 

I jy.^pi 
I ^y. Hi 

j / 3 . 6 ‘^ 

y 9:611 


2052.9 


“U3,B 3,113 

\SS.z((V:9) 3 , 20 ^, 
ui.qm.? ^,c^cj5 
'i72-^ (/ 2 ^'Pj 1. y_r 
/2 .7 7 . 2 57 

-2/3 7 {’72r,/^ 7 . 7 

- 7 . 2 : ^;7/.i) 7.227 

-//7.^ 7/2 7 


3^,1 U 
34 -OH 

37.-5" 

3 3. 37 

3 ■9.. S'? 

3 . 9.12 
3 9.23 


I'^-m i 
iz^ ! 
13 ,. 1871 
/J.72? i 
/i.Z3f ! 

iy.21 I 
/y .293 j 

/ 3.2.63 


* Current measured at 0° phase setting only. 
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Table II. Receiver Data Continued 
(Roo'r Temperature) 

Input Power Level = -flO dBm 


Frequency 

MHz 

2074.15 


2095.4 


2106.4 


Commanded Measured 

Phase Setting Phase Setting 
Degrees Degrees 

0 i °l^,5 

45 I 5*3 ("^^4 


Input 

VSWR 


Time Power Supply* 

Delay Currents 

nsec mA 


i 5*3 ^^4 a. 21 5 

i f, 7 ^(>1^ 

i -JJ. 7 l.fl') 


; -Hn (o)\ t .cm'n 
/Q/x 

i 2 ,/rf 

\jno.rOi^m^ 2/r^ 

y,-2 


33, 4Z i I,, = ^3 


UX ^’/ -,//2 
'77 9 ,/2 J" 


33/12 

77.^/ 

3:?.P^ 
33/^i 
33. (>3 
3 -7. 3 - 7 


/ 3‘. ?S‘ 
/ J. 2 F2. 
/ 3. OXi 
fIL . o-^ 


(°i\ '.338 
i-10'1. (f-» i.toz. 

\ A7J^ 

I//V- ^ (tfi t) 

i 7/,^ (2.’ A 9) 

|,27f /p/2 

LI.:. ^^7^77 


3M/'22| m,3^} I 
Z2,<=\ii\ /H.ic, I 
3 ,/3.rr ! 

33./ /2.?1 I 

7 3. ? i y 7, / ;?2 1 
33.^/ /j*.r// 

33.2^ 

j^X 2,^P /2.po7 


I 3^,2"? 

I 33. 7J 


I 7^.2 7 ! 


3V. 03 
13.7^ 
33.P*) 
33.6*j 


\loAS 

15/S2- 

zsi^v 


i /X. 

\ /S.9-3P 

' /S-P3Z 




* Current measured at 0° phase setting only. 
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Table II. Recewer Data Continued 
(Roc'‘! Temperature) 

Input Power * evel = -<10 dBm 


Commanded 


Frequency 
MHz 

2117 .!:; 


Measured 
Phase Setting 
Decrees 

Input 

VSWR 

Gain 

dS 

Time 

Delay 

nsec 

Power Supply 
Current 

__.I,0A) 

l-lZto'io 



1<=45 

I = ns 

;~no.5 



16,52 

bV 

i /^S,7 


33. ^3 

] 

' S- 

i I.O., = 

1 

1 

33.^1 

IS.?^ 

■ 12V — 


/. 1?^ 1 

'3^.7 


! 

i i3. 

/ * ■' : 

V 4/ ^.'«y j 

'¥.^"1 1 


'^?3. '3 1 

/.?f3 1 

1 

! /.r. “^-V i 
1 

i 


i 

3y-.32. i 

/ - ! 

' ■;> • r.> _: ■ 
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SIZE 

A 

CODE IDENT NO- 

96214 

1 SCALE 

REV 



SKDD102 




Table III. Additional Receiver Test /Data {Noise Figure, 
Compression, and Duplex dperation.Room 
Temperature Only) ^ 


Frequency 

,MH 2 

t 

Noise 

Figure 

dB 

Noise 

Temperature 
®K . ' J 

Output 1 dl 
Compression P( 
dBm 

2030.9 


f (o 0(p 

1 4S 

2041.9 

,lAf 

U\1 \ 

l 

V-ST 

2052.9 

//./ 

1 «>'<® 1 

4-/0.0 

2074.15 

/f.?r 

5S? i 

+ /0./3 

2095.4 

/^./r 

1 

45 

2106.4 

1 

■V5-6 i 


2117.4 


46 c, j 

t 

1 

+ S' 



Transmit Signal Level 
From Receiver Under 
Duplex Operation {dBm) 


2217. IS 

2252.5 

2287.5 



ORIGINAL PAGE IS 
OF POOR QuALny 


-+-Jo*3 ASvVk 

- ?.l 


SIZE CODE IDENT NO. ! DF^AWII^ NO. 


Uif 


+ O A Byy^ 
-'Sc.o 
- 


A 96214 


CALE REV 


A 


SKDD102 





APPENDIX C 


Equipment Group 



APPENDIX C 


TRANSMIT/RECEIVE MICROELECTRONICS MODULE 
DESIGN SPECIFICATION 


1.0 MODULE TECHNICAL REQUIREMENTS 

1.1 Transmitter 

1.1.1 Bandpass Characteristics 

1.1. 1.1 Center Frequency 

The nominal center frequency shall be fj = 2252 MHz. 

1.1. 1.2 Bandpass 

+ 55 MHz centered at f.j. (1 dB - BW) 

1.1. 1.3 Bandshape 

The bandshape shall be such that the output signal level des- 
cribed in Paragraph 1.1. 2. 2. 2 is achieved at each of the fre- 
quencies described in Paragraph 1.1, 2. 1.1, and that the response 
2304 KHz from either of the frequencies described in Paragraph 
1.1. 2. 1.1 varies less than 0.5 dB. 

1.1. 1.4 Response 100 MHz from Center of Bandpass 

Attenuation at + 100 MHz from fj is more than 10 dB with respect 
to response at fj, 

1.1. 1.5 Response 150 MHz from Center of Bandpass 

Attenuation at + 150 MHz from f.j. is more than 20 dB with respect 
to response at fj. 

1.1.2 Signal Characteristics 

1.1.2. 1 Input Signal 


C-1 


Equipment Group 


1.1. 2. 1.1 Type 


The input signal shall be a single angle modulated carrier 
operating at either one of two carrier frequencies, 2217.5 or 
2287.5 MHz. 

1.1.2. 1.2 Modulation Width 

The extent of the input signal spectrum shall be 2304 KHz from 
the carrier frequency to the second null of the spectrum. 

1.1. 2.1.3 Power Level 

The input transmit signal at the input connector of each trans- 
ceiver module shall be 13 dBm i 1 dB, 

1.1. 2. 2 Output Signal 

1.1. 2. 2.1 Characteristics 

The output signal shall be a replica of the single carrier input 
signal within the bandwidth of Paragraph 1.1. 1.2. 

1.1. 2. 2. 2 Transceiver Module Power Output 

The output power from each module at either frequency of 
Paragraph 1.1. 2. 1.1 will be no less than 35 dBm when terminated 
in a nominal 50 R load having a VSWR no greater than 1.5:1. 

1.2 Receiver 

The specifications for the receiver portion of the system are 
limited to the transceiver modules inasmuch as the system tests 
which validate the receiver performance are not included in this 

crrino uirkv^U 

TfVI IX » 

1.2.1 Bandpass Characteristics 

The receiver has two frequency bands: one in S-band nominally 

centered at 2074 MHz (fno) and one in L-band nominally centered 
at 1804 MHz Only^the center module will have an L-band 

frequency lead. The bandpass centered about the above center 
frequencies will be the following: 

1.2. 1.1 S-band Bandpass 

87 MHz centered at {0.5 dB - BW). 


C-2 


Equipment Group 



1.2. 1.2 L-band Bandpass 


62 MHz centered at (0.5 dB - BW) 

1.2. 1.3 S-band Bandshape 

The bandshape shall be such that the gain (described in Paragraph 

1.2. 2.2 and noise temperature described in Paragraph 1.2. 2. 4 shall 
be achieved at each of the S-band frequencies described in 
Paragraph 1.2.2. 1) varies less than 0.5 dB. 

1.2. 1.4 L-band Bandshape 

The bandshape shall be such that the loss described in Paragraph 

1.2. 2. 3 and the noise temperature described in Paragraph 1.2. 2. 5 
shall be achieved at each of the L-band frequencies described in 
Paragraph 1.2. 2. 1.1 and the response 2304 KHz from either of the 
L-band frequencies described in Paragraph 1.2. 1.1 varies Tess than 
0.5 dB. Only the center module has L-band capability. 

1.2. 1.5 Attenuation at f^^ ± 100 MHz from fn^ is no less than 15 dB with 
respect to carrier with 20 dB as a aesign goal. 

1.2. 1.6 Attenuation at fno + 140 MHz from f,,^ is no less than 40 dB with 
respect to the carrier with 45 dB as a design goal. 

1.2. 1.7 Attenuation at f^c ji 250 MHz from fnc is no less than GO dB with 
respect to the carrier. 

1.2.2 Signal Characteristics 

1.2. 2.1 Input Signal 

The input signal shall be a single angle modulated signal operating 
at a frequency of 2041.9, 2106.4, 1775.5 or 1831.8 MHz. The band- 
width of the L-band signal is at most + 2.304 MHz from the carrier 
frequency to the second null. The S-band signal bandwidth when 
receiving from the ground system will be at most 4.6 MHz between 
second nulls. The S-band signal bandwidth when receiving from 
the Tracking and Data Relay Satellite shall be 22 MHz. 

1.2.2. 2 S-Band Receive Electronic Gain 

The electronic gain to all signals in the S-band signal bandpass of 
Paragraph 1.2. 1.1 shall ,be greater than 25 dB. This gain is 
measured from the antenna port of a single transceiver module to 
the S-band output port up to an output signal level of 0 dBm. 
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1 . 2 . 2. 3 


L-Band Electronic Loss 



The L-band electronic loss shall be less than 4 dB between the 
antenna connector of the central module to the L-band output 
port. 

1.2. 2. 4 Noise Temperature (S-band) 

The S-band transceiver module noise temperature referenced to the 
module antenna connector shall be less than 700°K with a design 
goal of 600 K over any 10 MHz in the bandpass described in Para- 
graph 1.2. 1.1 when terminated into a 50 ohm load at the S-band 
output connector. 

1.2. 2. 5 Noise Temperature (L-band) 

The L-band noise temperature of the S-band antenna sub-system 
referenced to the center module antenna connector shall be less 
than 440 K over any 10 MHz in the bandpass described in Paragraph 
1.2. 1.2 when terminated into a 50 ohm load. 

1-3 Suitable Module Temperature Range 

To meet all module power, gain, noise figure and phase require- 
ments, the maximum module case temperature range is 0°C to +45°C. 
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